@ https://ntrs.nasa.gov/search.jsp?R=19700031921 2020-03-23T18:51:37+00:00Z

N70-41237

RAMAN BACKSCATTER OF LASER RADIATION IN
THE EARTH'S ATMOSPHERE

Samuel Harvey Melfi == '-,,""
' = I
1970 LCAI GOPY: REC = 20
AFWL iDOu= 2
KIRTLAND AFinEE §
— W
——
— P

Distributed ... ‘to foster, serve
and promote the nation's
economic development

and technological

advancement.’

NATIONAL TECHNICAL INFORMATION SERVICE

- _‘!.‘: :\_ [T R 1.:.,;\.(
a:: A/ %”-‘R ! ‘Zyﬁ ;‘I_( 3
U.S. DEPARTMENT OF COK_HERC%(\ oy e
= sy =
- . - by

This document has been approved for public release and sale.



TECH LIBRARY KAFB, NM.

][]

0lL52427?

RAMAN BACKSCATTER OF LASER RADTATION IN THE- EARTH'S ATMOSPHERE

A dissertation
Presented to
The Facuity of the Department of Physics

The College of William and Mary in Virginia

In Partial Fulfillment
of the Regquirements for the Degree of

Doctor of Philosophy

by
Samuel Harvey Melfi

1970

r 24 74
CCESSI R) (TH
— '
(P GES)
Ima=cc= /8 T
{NASA CR ORr TMX OR .
AD NU, BER) (CATEGORY)

=

FACILITY FORM 6

Reproduced by

NATIONAL TECHN
INFORMATION SERl\gl%'E

Spn'ngﬁold, Va. 2215



APPROVAL SHEET

This dissertation is submitted in partial fulfili‘ment of
the requirements for the degree of

Doctor of Philosophy

Samuel Harvey Me

Approved, July 1970

rederic R. Croynfield, Jr.

Condn Shar

Arden Sher

[ Dpusd

D. Doverspike

erald H. J ohxfsoﬂ\

ii



N

ACKNOWLEDGMENTS

The author wishes to express his appreciation to Dr. J .- D. lawrence
under whoge guidance this research was performed, and for his untiring
advice throughout the preparation of this dissertation. He would alsb
like to thank Stewart L. Ocheltree and Dr. M. P. McCormick of NASA for
their many helpful discussions on this research pfogram. Special l
appreciation is extended to W. H. Fuller, W. C. Hulten, C. E. Russ, aﬁd
T. E. Wetterling for their help in obtaining the experimental results
reported herein. Special thanks go to Barbara Pasternak for her computer
programing, and Janette Fernandes for her assistance in reducing the
data. The author would also like to thank the ESSA personnel at Wallops
Island, Virginia, and Dr. J. M. Rosen of the University of Wyoming for
providing balloon-borne meteorological support. Finally, the author
would like to thank his wife, Nancy, for without her continuing moral

support this dissertation could not have been possible.

iii



TABLE OF CONTENTS

ACIWOWLENMENTS % o s o o l.' 4 o & 9 6 * s o e e 8 e & v o

LISI‘ OF FImmEs . ' . . L] . -\ . . - L] L] . . . . . .a . . . . .

LIST OF TABLES « « ¢ o o o o o o o o o « o o o v v v v v

AB STRACT L] L] L4 * . L] L] L] . . . L[] L[] L] . L) . . . . . - L . . .
CHAPTER
I. INTRODUCTION =+ + o o o o o o o a s s o o s o o o o o

II. THEORY OF RAMAN AND RAYIEIGH SCATTERING BY A MOLECULE .

F.

Quantum Theory of Raman and Rayleigh Scattering .

Rayleigh and Vibrational Raman Scattering .

Rotational Ramen Fine Structure of Rayleigh and

Raman Vibrational Scattering . . . . . .

l. Pure Rotational Raman Fine Structure . . .

2. Vibrational-Rotational Raman Fine Structure .

Cross Section Calcuwlations for Ramen Backscatter
from N, and O2 e e e e s e s e e e e e e e

Calculation of the Ramen Backscatter from the
Atm&sphere e ¢ o 8 s e 4 4 s e o

Application of Raman Scattering to Measurements

in the Atmosphere . . . « « + o « ¢ &+ o o o « &

III. MIXING IN THE EARTH'S LOWER ATMOSPHERE . . . . . + . .

IV. NOISE ANALYSIS . + o ¢« ¢ « o o« o

iv

15

21

26

35

i
k9
5k



N

e SR

CHAPTER
A. Laser Transmitter . . . . . . . . . . . .
B. Receiver System . ¢« « &+ & v ¢ ¢ o o & & o « « &
C. Alignment of the Receiver and lLaser Transmitter .
D. Supporting Equipment . . . . . . . . . . . . . .
VI. DATA ANALYSIS AND EXPERIMENTAL RESULTS . . « . . . .
A. Data Analysis . . « « 4 ¢ ¢ o ¢ o &
B. Early Experimental Results Using a Monochromstor
to Select Spectral Bandpass . . .
C. Experimental Results Using Interference Filters
as Spectral Band Selectors . . . . « . . .
l. Examples of Average Analog Backscatter
From the Atmospherel.
2. Examples of Photon Counting Backscatter
From the Atmosphere .
3. Comparison of the Optical Radar Data With
Meteorological Measurements . . . . . . .
VII. CONCLUSIONS ¢ « « o « o « « o o s o « o s s+ + o o

VIII. APPENDICES . ¢ + o« ¢ + o 2 o s « « o 4

PAGE
29
29
63
68
1
3
3

78

82

87

97
%9



CHAPTER . PAGE

A- TRANSFORMATION OF THE POLARIZABILITY AND

DIFFERENTIAL POLARIZABILITY TENSORS FROM

A RANDOMLY ORTENTED MOLECULAR COORDINATE

SYSTEM TO A LABORATORY COORDINATE SYSTEM . . . . 99
B. DERIVATION OF RAYLEIGH AND RAMAN VIBRATTIONAL

CROSS SECTIONS FOR ALL POLARIZATIONS AS A

FUNCTION OF SCATTERING ANGLE . + « + « « . . . . 102
C. REDUCTION OF THE PURE ROTATIONAL RAMAN CROSS-

SECTION EQUATION « + o » « « o o o o o v o o « » 106
D. SAMPLE CALCULATION OF ONE TERM IN THE ROTATTONAL

RAMAN CROSS SECTION .+ « + v « « « « « v « « . . 108
E. A LISTING OF THE ROTATIONAL RAMAN FINE STRUCTURE

BACKSCATTER CROSS SECTIONS OF N, AND O, « - . . 110

F. AN ESTIMATE OF THE QUANTITY (ip + dig) . . . . . . 143
IX. REFERENCES « o « o o o o s o o o o o o s o o + o o o o o 1k
va L] . L . L] [ 4 . . . . L] [ L] . . L] L] L] . L . L] . * . . L] . 11;' 8

vi



FIGURE

LIST OF FIGURES

A glot of rotational fine structure for the nitrogen
v'= 0 — 1 vibrational Raman transition as a function
of wavelength . . . . . . . . . . S e e e e e

Celculated Raman backscatter signal for nitrogen as a;
functiqn of altitude using typical system parameters
listed in table VI « v v o o v o o o v v o o e e ..

Calculated Raman backscatter signal for oxygen as a
function of altitude using typical system parameteis
listed in table VI . « . ¢ ¢« v ¢ ¢« v v v v o o o

Calculated Raman backscatter signal for water vapor as
a function of altitude using typical system parameters

" listed in table VI. Calculations are based on a
constant mixing ratio of 1 gm/kg . . . . . . . . .

A plot of receiver bandwidth and altitude resolution as
a function of maximum altitude for nitrogen, oxygen,
and water vapor with signal detegtion criterion
=

A plot of the product of counting time and number of
laser transmissions as a function of maximum altitude
for nitrogen, oxygen, and water vepor with signal

detection criterion S/N =2 . . . . . ¢ ¢« &« ¢ . .

vii

PAGE

3k

L5

L6

b7

56

58



FAGE

FIGURE :
7. A photograph of the optical rader system installed in
a mobile van . . ; e e s s e e s s ae e e s e e e e 60
8." A sketch of the laser transmitter . . . « . .+ . . . . 61
| 9. A drawing of the telescope . + +» « « + &+ « & + o o & 64
10. The arrangement of the receiver system using a dual
MONOCKTOMALOT « » » o » » o o o . C e e e e e e e 65
11. A sketch of phe modified receiver system using
interference filters . . . « « o v ¢ v o 4 4 0 . . . 69
12. Arrangement for aligning optical radar system . . . . . 70
13. (a) Typical analog Reman return from atmospheric
nitrogen . . . . . . . . 0 e e e e e e e . Th
(b) A typical oscillogram teken for the purposes of
photon counting . . « . . <« + 4 ¢ . . . ... . T
k. Initial computer plot of dats from oscillogram given
In £1gure 13(a) « « ¢ v o v 4 4 e e e e e e ()
.15.‘ Backscatter signal normalized to relative laser energy
as a function of altitude (data from fig. 13{(a)) . . 76
16. The quantity ZQV/E as 8 function of altitude (data
from £fig. 13(a)) « « ¢ 4 v e 4 e e e e e e e e e 7
17. Typical Raman backscatter returns from the atmosphere
versus time after laser emission taken using the dual
79

MONOCHYOMALOT + o o o o ¢ ¢ o 2 o o o o o« o s o o » »

hs

viii



w.aﬂ‘

FPIGURE

PAGE

18. A comparison of the ratio, 'VHEO(Z)/VNE(Z), with water

19.

20.

2l1.

vapor mixing ratio w obtained from s radiosonde.
o> VHQO(Z)/VNg(Z) (left scale). @, w (right

SCALE) ¢ v ¢ 4 4 e 4 e e e e e e e e e e e e e e e e 81

Typical examples of aversge analog profiles for nitrogen

and water vapor taken the night of December 4, 1969.:
The curves are the calculated nitrogen and water vapor
signal returns normalized individually to the experi-
mental data at the points indicated. The water vapor
calculations were performed for a constent mixing

ratio of L gm/Rkg - + « + + o v e u e e e e e e e . 83

Typical examples of average analog profiles for nitrogen,

oxygen, and water vapor taken the night of February 26,
1970. The curves represent calculated signal returns
individuelly normalized to the experimental data at
the points indicated. Water vapor calculations are

for a constant mixing ratio of 1 gm/kg . . . . . . . . 84

Typical examples of analog average profiles for nitrogen,

water vapor, and elastic backscatter taken the night
of April 16, 1970. The curves represent calculated
signal returns individuelly normalized to the experi-'
mental data at the points indicated. Water vapor
calculations are for a constent mixing ratio of

LEM/RE o ¢ o v e e e e e e e e e e e e e e e e e e 85

ix



FIGURE | - ' o PAGE

22. Normalized'compariséﬁ_of nitrogen returns taken the

nights of December %, 1969, and June 11, 1970 . . . . 86
23. Nitrogen and water vaﬁor'profiles using photoﬁ cdunting

taken thé night of.hpril 16, 1970. The curve is the

calculated photon count rate as a function of

altitude for N, normelized to the experimental data

at the point indicated . . . ; . ; e e e e e e .. 88
2h. Nitrogen and elastic backscatter profiles using photon

coﬁhting, taken the night of April 16, 1970. The

curve is the caiculated photon count rate as a

function of altitude for N, normalized to the Np

experimental data at the point indicated . . . . . . 89
25. The ratio of water vapor to nitrogen return signals

normalized to the water vapor mixing ratio measured

by a radiosoq@e at the point indicated. Both

me#surements mede the night of February 26, 1970.

Also shown is the radiosonde tempersture profile

and adiabatic temperature profiles . . . . . . . . . 91
26. The ratio of normelized oxygen to nitrogen return

signals as a function of altitude . . . . . . . . . . 93%

Ie



T IR

FIGURE

27.

28.

PAGE

The ratio of water vapor to nitrogen return signals

normalized to the water vepor mixing ratio measured
by a radiosonde. Both measurements made.the night
of April 16, 1970. Also shown is the radiosonde
temperature profile and adiabatic témperature

Profiles « ¢ v v v e e e e ke e e e e e e e e e e e ol

The ratio of the elastic scattered to nitrogen return

signals normalized to the dust scattering cross
section measured by & balloon-borne dust photometer.
Both measurements made the night of April 16, 1970.
Also shown is a radiosonde temperature profile taken

the same night and adiabatic temperature profiles . . 96

xi



TABLE

III v

IIT.

VI.

VII.

VIII.

LIST OF TABLES

Molecular Constants of Ny ahd O T
Backscatter cross sections of No and Op for Rayleigh
Backscatter, and the Sum of the Pure Rotational Raman
Backscatter, with A, = 3471.5 X S e e e e s e e aa e
Backscatter Cross Sections of Ny and Oy for v =0 -1,
AT = 0 Vibrational Transition (Q Branch) and the Sum
of the Vibration-Rotation Transitions (O Branch plus S
Branch); ANE = 3777 X, %02 = 3669.2. . .
Differential Raman Backscatter Cross Sections for
Rotational Fine Structure of the v = 0 -1 Vibrational
| Transition of Npe AT = 42 4 « o o v 4 v w0 .4 ..
Difflerential Raman Backscatter Cross Sections for
Rotational Fine Structure of the v = 0 =1 Vibrational
Transition of NE', AT = =2 o v v o o o o .
Typical Parameters for the Remen Optical
REGAT © v v v v e e e e e e e e e e e e e e e
Calculated Raman Backscatter Received Signal for the
= 0 -1 Vibrational Band of No for Elterman's
"Clear Atmosphere™ . . + + + & 4 4 s s e s s s s . .
Calculated Raman Backscatter Received Signal for the
v =0 —1 Vibrational Band of N, for a Molecular

Atﬁosphere e s e s e 8 & s 6 s e e 8 6 s s s

xii

PAGE

21

32

33

38

29



e

o

TABLE ' _ . PAGE

I¥. Calculated Raman Backscatter Received Signal for the
v =0 -1 Vibrational Band of O, for Elterman's
'"Clear Atmosphere™. . . . + v ¢ ¢ ¢« ¢ o o o o o o « . . Lo
X. Calculated Raman Backscatter ﬁeceived Signal for the
v =0 —1 Vibrational Band of Oy for a Molecular
AtMOSDNEre « + « o « o o o o o o o ¢ o o« o o o o o o o " 41
XI. Calculated Raman Backscatter Received Signal for the vl
Symmetric Vibration Line of Hz0 for Elterman's "Clear
Atmosphere." (Assuming Constant Mixing Ratio of 1 gm/kg
and Cross Section of the Order of the Nitrogen v = 0 -1
Transition) « ¢ o« & ¢ 4 o« 4 e e e 4 e e e e e e e e 4o
XII. Calculated Ramen Backscatter Received Signal for the
vl Symmetric Vibration Line of HpO for a Molecular
Atmosphere. (Assuming Constant Mixing Ratio of 1 gm/kg
and Cross Section of the Order of the Nitrogen v = 0 =1

Transition) . & ¢ ¢ ¢ 4 i b e e e e e e e e e e e e 43

xiii



ABSTRACT

Laser gﬁtical radar techniques ha%e been applied to the measuremeat
of Baman backécatter in the gﬁmosphere by nitrogen, oxygen, and water
vapor. Ratioi of the water vépor to nitrogen Raman return signals have
been compared-to independent radiosonde measurements of water vapor
nixing ratio. Initial experiments performed using a dual monochromator
indicated goo& sgreement to altitudes above 1 km. In later experiments,
using interfé}ence filters, agreement was good to altitudes above 3 km,
with some'dis;greement evident below 1 km. The disagreement below 1 km
may be due to'relatively intense aeroscl scattering not totally blocked
by interference filters used to select the Raman band.

| A concise treatment of Raman and Rayleigh scattering by molecules
is presented %or the geometry of the opticel radar system and includes
calculations of Reyleigh and vibrational Raman backscatter cross sections
for nitrogen;and oxygen, including rotational fine structure.

A detailed description of the optical radar sysfem is given along
with a noise ﬁnaxysis of Ramen backscetter in the atmosphere.

In addition, the r¥atio of the elastic scattered return to the
nitrogen return signal has been compared to the results of & balloon-
borne dust photometer, with good esgreement to above 3 km. Raman optical

radar measurements of both water vapor and aerosol mixing agree with a

qualitative analysis of turbulent mixing in the atmosphere.

xiv
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I. INTRODUCTION

Detaiiéd measurements of molecular and aerosol constituents in the
earth's atmosphere are necessary for the construction of atmospheric models
and also to define the staté.of the atmosphere. Radiosonde measurements
of temperatﬁre, wind velocity, and relative humidity as a function of
pressure-altitude are routinely made in the lower atmosphere. The
primary purpose of the radiosonde measurements is to indicate synoptic
weather patterns and to make predictions, but they may also provide
basic molecular information such as total number density and water vapor
profiles. Such measurements are made with instruments attached to slow
rising balloons (1;000 ft/min) whose lateral position is determined by
the horizontal wind velocity and, in consegquence, such measurements
represent neither an instantaneous nor a true vertical profile.

Remote light scattering technigues have provided a measure of the
aerosol distribution in the earth's atmosphere. In 1930, Synge<l)h
suggested & searchlight technique to measure atmospheric
properties by observing light scattering by the atmosphere. Subsequently,
other investigators(2'5) have studied the atmosphere using this technique.

With the development of the high-powered pulsed laser, providing an
intense source of light, new emphasis was placed on light scattering as
a remote technique for sensing atmospheric constituents. Fiocco and
Smullin(s) First reported observations of backscattered radiation from
the atmosphere using a ruby laser optical radar system. Other investi-

gators usiﬁé the optical radar technique to study the atmosphere include

’
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Bain and Sanford,(7) Collis and Ligda,(s) and Kent, Clemesha and
Wright.(g) These research programs have primarily been concerned with
the cbservation of high-altitude aerosol leyers, including mesospheric
layers and the 20 km dust layer. |

In & detailed study of the state of the atmosphere, individual
molecular profiles should be measured. The molecular species
in the lower atmosphere include water vapor and other trace constituents
including pollutants, and nitrogen and oxygen for altitudes above 80 km.
Schotland(lo) has examined absorption technigues using an.optical radar
system to infer water vapor profiles. Bowman, Glbson and Sandford(ll)
have reported the observation of resonance scattering from sodium at an
altitude of 90 km. The observation of Raman backscatter by a particular
molecular species, using an optical radar system, provides a basic
technique to quantitatively measure individual molecular constituent
profiles.

The observation of Réman backscatter from atmospheric nitiogen and
oxygen was first reported by Leonard(lz) in 1967, using a pulsed nitrogen
laser. ILater Cooney(lB) observed nitrogen Raman backscatter to an
altitude of 2 km. In 1969, Melfi, Lawrence and McCormick(lu) reported
the first observation of Raman scattering in the atmosphere by water
vapor molecules, using a frequency doubled ruby laser. Early in 1970,
Cooney(ls) also reported the observation of Raman scattering by water
vapor. Very recently, Kobayasi and Inaba(l6) have observed an indication
of Raman backscatter by S0p, CO, and COs, in & smoke stack plume located

20 m from their optical radar system.
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This diésertation présents the results of a research program
initiated ta,study, in detail&JRaman scattering as a means to obtain
quantitative £emcte profiles of individual atmospheric molecular species
as a necessary first step in ébtaining a better understanding of the
earth's lowerﬁatmosphere. To this end:

(1) A concise treatment of Raman and Rayleigh molecular scatter-
ing is presenﬁed.

(2) A éualitative analysis of mixing of constituents in the
earth's atmosﬁhere due to turbulent diffusion is discussed.

(3) A ﬂoise analysis of Raman scattering by nitrogen, oxygen,
and water vapor observed by an optical radar system is performed.

) Fiﬁallxg a comparison of the results of the initial Raman
optical radar{experiments with independent meteorological measurements
is presented.?

The onl&lmolecular profile in the atmosphere being measured
routinely is water vapor. In view of the limitations of radiosonde
measurements;ffhe Raman optical radar technigue offers the possibility
of performingﬂinstantanaaus vertical measurements of the profiles of
not only waxef vapor but also other trace constituents in the atmosphere.
Although the measurements reported here were made only on the vertical,
the technique'offErs.the potential of quantitatively measuring two- and
three-dimensional distributions of individual atmospheric constituents.
These distribution measurements should provide a means of studying, oﬁ a

local basisg, turbulent diffusion, pollution dissipation, and cloud

formation.
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II. THEORY OF RAMAN AND RAYLEIGH SCATTERING BY A MOLECULE

General

In 1928, Raman{17) observed that when various molecules are
irradiated with light of frequéncy v the scattered radiation consisted
not only of frequency v (Rayleigh scattering) but other freqﬁencies
such as v = Vs V- 52, « « » (Raman scattéring). These Raman lines
are now termed Stokes lines; other Ramen lines v + vy, VvV + vo, . . .
are referred to as anti-Stokes lines.

This effect was predicted qualitatively as early as 1923(18)
using classical theory. The classical argument was based on the
realization that changes in polerizability of molecules due to their
rotation or vibration give rise to scattering at other freqguencies.

The guantum mechanical treatment first performed by Kramers and

Heisenberg(l9) and later by Dirac(zo)

treats the problem as a two-photon
process. A photon incident on a molecule is annihilated and the mole~
cule is excited to a "virtual" state. The molecule de-excites and another
photon is created. If after the scattering process the molecule is in the
same ilnternal state as before, the process is called Rayleigh scatter-
ing. If, however, after scattering the molecule is in a different state,
then Raman scattering has occurred.

In this chapter, an attempt is made to present a concise treat-
ment of Raman and Rayleigh scattering in the atmosphere. To this end

the chapter has been divided into six sectlions. In section ITA, a

general quantum mechanical discussion of Ramen and Rayleigh scattering,



based on Heitler's(zl) treatmént,is presented. Building on this quantum
mechanical base, section IIB ﬁresents Placzek's(ez) polarizability tresat-
ment, which assumes that the ?ibrations of molecules can be treated as
normal modes of simple harmonic motion. Purther assumptions are made in

| section IIC concerning the rotational structure of the Rayleigh and

Raman vibrational bands. This rotational analysis is limited to rigid
diatomic molecules Such as Oy and Ny The last three sections are devoted

to relating the theory of Raman and Reyleigh scattering to the geometry

of the laser experiment in the atmosphere.

ITA. Quantum Theory of Raman and Reyleigh Scattering

The quantum mechanical behavior of any system can be described

by the wavefunction, V¥, of the system satisfying the wave equation:
iy = 0y (1)

where ¥ = g%, ¥ is the total wavefunction, and H is the total

Hamiltonian operator. H may be divided into the following parts:
H=H, + Hy + Hyp¢ (2)

where H, 1is the Hamiltonian of the radiation field, Hy is the

Hamiltonian of the molecule, and H;i,t is the interaction Hamiltonian.



Let

Ho = Hy + Hy : (37
 with the eigenfunctions of H, denoted by

I -1 ¥ ()

nl,ne.,...,n')\,. ..

where Ny5f5seeshnyeee  BTE the occupation numbers of the photons and
¥, is the wavefunction of the molecule.

The total differential transition probability from an initial state

denoted by O to all states denoted by n is:(zl)

2
dopp = %E[IHno + Knol :]dpe.n (5)

where Hyo is from first-order perturbation considerations given by:

Hyo = <Tanint|To >’ (6)

Kno 1s the second-order perturbation matrix element of the form:

- Hon iy o (7)

Kno cc.

n'
with n' denoting intermedlate states of the molecule, dp € the
n

density of final states and € +the total energy of the system.



To calculate H , and ; K,, ' in equations (6) and (7), the
interaction Hamiltonian has to be defined. It can be shown that the

interaction Hemiltonian is given by(al)

Hint
where
W _y &z .2 8
H %‘WI}R A(k)] (8)
and |
@ .V g

where k “denotes the various electrons in the molecule, m is the mass of

each electron, and Z: the vector potential, can be expressed as
- \ | - + =
A= (a?\A-)\ + e A (10)
A

where A ‘denotes the set of photon states with wave vector k) and

polarization E&,

- -
T

K; = \/ hrc? E& eik'

- .
and r 1s the position vector of the electron with a{, a) creation

(11)

and annihilation operators, respectively.

In a two-photon scattering process, an incident photon of wave vector
- !
k, will be considered ebsorbed and a scattered photon of wave vector ¥

emitted.



The states of the molecule will be denoted by m; and, in particular,
the initial state by m,, and final state by m with respective

energies Ei’ E,» and E. Conservation of energy requires that
E, +fw, = E + Hiw

That is, the initiai enefgy of the system.before the scattering process
equals the final energy. afterwards. If Hw, = #iw, then the scattering
is considered Rayleigh, since no net transfer of energy to the molecule
has taken place. If, however, Hw, # fw or E, # E, then a net trans-
fer of energy has taken place between the photon field and the molecule,
and the process is termed Raman scettering.

To calculate the transition probability for scattering, it is
necessary to consider only those processes which contain the annihila-
tion of photon E; and the creation of photon Ei For simplicity,

a single electron molecule will be considered initially and the results
will then be generalized to a multielectron molecule. For a single

electron molecule, the components of the interaction Hamiltonian become

1 P
H()=-ﬁ(P'A) (2)
and
2 _.)2

Equation (10) indicates that the second part of the interaction

Hamiltonian, H(a), connects states differing by two photons using
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first-order perturbation theory. The square of the vector potential

from equation (10) can be written
A2 = Z‘ [a?\ag(ia . K’c) + 8'7\9‘2-(?7\ . K?) + a;\'a.;(g . K’g)
A

P
+ e.'A"a.E(A?\ . Ac)] (14)
If it is assumed that a photon described by ({ is annihilated

and s photon described by AN 1is created, then the third term is the

only term that is effective in this coupling. For this process,

2
(2) e * % | =D
Hpo = 2mc2<q’o...lk,o...wm'A l\p"o...lk ,o...\ymo> (15)
o

Substituting equations (14) and (11) into equation (15) and lettung
- - - -

{ -k, eko’ and N -k, ey gives

——’

r

— i (R—)o -i-)) .

o o & e
akakoek ko

2
% b <P¥ ¥¥

(2)
Hno e m

b, Yy >

(&}

o 5 ’ L= -I{-’ 2
= ;’k : e, .Z_n e @ik ]a{:akolylko><¢; Iel(ko ) rlvmo> (16)

Using the relationshlps

I
8‘kiln.k = 'é,_"‘; ?n.k-l

g,



and

equation (16) becomes

- - e° ot ei(f—fo)';c’

(2)
Ho 2o " &

B 17)
where X represents the position of the molecule.

To complete the analysis of the two-photon scattering problem, it
is necessary to consider the first part of the Hamiltonian, H(l),
given in equation (12), under second-order perturbation theory. This

will require considering two possible intermediate states of the

system:

I. A 1?0 photon is gbsorbed; in this intermediate state of the

system no photons are present, then a Tg photon is emitted.

II. A f photon is emitted; in this intermediate state there
—)
are two photons present, then a k, photon is absorbed.

The two intermediate states can be written as

and
’I[II = ]Flko,lkvmi

and the initial (o) and final (n) states can be written as

11



12

Iro = wZl.ko‘l'mo

and
iln = i’lkwm
Combining equations (10), (11), and (12) gives
}{(l) = - € ll'ﬂce q*w* '5’ P -g a eii?o-? ﬁ w >
To  me? o¥my koBko LEPREN
or

- -
H(l)=_ e |2mnc® RIS

Io mce Wy

(p, Imgmg (18)

where P, is the component of momentum of the electron in the direction
of the polarization of the incident photon.

In a gimilar fashion

) s
(1) 1 -ikKex
1 -ikex
H —
ITo Jo ¢ (pv)mimo
(1) { 1K-x
1l e o/ 1 -ik.x
H = - s [2n1cE \~— e 19)
nI ? me2 Jo (Pv)mmi (19
(1) 1 ifo x
1 ‘X
H -— e (p,)
nII n b Iy
o
) 4
where p, is the component of the momentum of the electron in the
-direction of the emitted photon.
From equation (7),
- () - p(1) (1)
(1) _ nI flo”  \ HnIfiIro (20)
no g - ? : g -
I o I II o é‘II



Substituting equations (18) and (19) into equation (20) and noting that

€o- €I=E°-Ei+‘hw°,

:60‘ Erp=E - B -t

K(l ) becomes
no

(1) _ € am 1(K)x| 1Y <(PV_)m1(P“)mimo . (p“)mmi(p")mimo>

e " Jow M\ By - By + o E, - B - fw
(21)
The total differential transition probability is, from
equation (5)
_ 2n 2) (l )I 2
., = ;'[lﬂz(m * Kno dpgn (5)

Substituting equations (17) and (21) for HI(li) and Ig%), respectively,

into equation (5 ) gives for dw,,

Ay = (2x)3 net = Z <(pV)mi(P“)mimo
mw W me 1 Bo = By + un,
2
. (Pp.)mmi(Pv)mimo> +8 ~ cos B dp (22)
B - Bj - © '

h

where © is the angle between the polarizations of the incident and

scattered photons.

L
\
\

13



Using for the density of final states

: n202a0

ae = ormmco——.

_6 n (emc )3

where £ is the solid angle, and considering a unit volume normaliza-
tion with stationary molecules, the differential scattering cross

" section can be written as

4®ro =( ) )1 Z G puj)”ﬁi.mo
an mc2 @ Ezi - By + hay
e 2
My ) mm. vi)m,m
EO - Ei - m

where the sums over J and k are taken over all electrons in the

molecule.

Equation (23) can be written in a more concise form as

(24)

where ( ) is the u,v element of the polarizability tensor defined
“uv ‘mm

as

' mym,,
(Gu.'v )mo = ) o> QEZ_, (J HJ)

-Ei +m

+ (i p@mi(f P;i)mimo + smo cos ©

Eq - By -
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The more familiar form of the differential scattering cross

section for the intensity of light ié obtained by multiplying the right

side of equation (25) by the ratio of photon energies (w/w,) to give
Ea(u, v,mm,, ) = -c-:E I(U:p,v )mmol “ (26)

Equation (26) indicates that both Raman and Rayleigh scattering inten-
sities vary inversely as the fourth power of the wavelength of the
scattered light, since |(auv)mmoI2 is approximately independent of
wavelength when the wavelength of the incident light is not near a
resonance of the molecule. Calculations of the polarizability tensor
for complicated molecules have only had limited success.(ej) Placzek's
polarizability theory,(zg) which is discussed in the following sections
of this chapter, provide a basis for calculating Ramen and Rayleigh

scattering cross sections.

ITB. Rayleigh and Vibrational Raman Scattering

Neglecting rotation of the molecule, the wavefunction of the

molecule, Wm, can be expressed approximately as

m e

by = Ve T ¥y () @7)

where we is the electronic part of the wavefunction, the qj's are
the normal coordinates for vibration of the molecule, and the Wv's
are the wavefunctions for the normel vibrations (Harmonic oscillator

wavefunctions).
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The polarizability tensor operator, ¢,y may be expanded in a Taylor's

expansgion about the equilibrium positions of the normal vibrations

to give to first order in the 'qj's

‘ .,
Ay = a’ﬁv + z (—Ld v) eE (28)
3 Qﬂ o

Utilizing equation (28), the matrix elements of the polarizability

tensor can be written as

L N ot
(a,“,,)mo = <‘l‘;'“ﬁv”mo> * Z, <¢;(dq_ Jv)o % “lfmo>
J

o \ *
= VO, + Z Y o<vm'q:i”mo> ' (29)
J
since a° and a' = oy are constent. The term o' is commonly
My WY daq v

referred to as the differential polarizability tensor.

The first term on the right side of equation (29) gives rise to
Rayleigh and pure rotational Raman scattering, since the initial and
final vibrational states of the molecule remain unchanged. The second
term on the right side of equation (29) gives rise to Raman vibrational
scattering. .

Combining equation (27) with the second term on the right side of

equation (29) gives for the matrix elements of the polarizability tensor

for Ramen v:i.bra.tiona.‘l. scattering:



Uy I |95 V> = Pee'<IT, (ag) [agl ¥y (a)> (30)
/2
rr—L vy +1ﬂ / for vj =v.+1
_anwd ’ J

= @) 8o | — .j:] for vJ! =v, -1 (31)

L_O otherwise

which are well known solutions for the harmonic oscillator wave-

function. Equation (31) indicates the selection rules for Reman

vibrational scattering as

From equations (26) and (28) the cross section for Rayleigh

scattering is

L

a9 _% 0
‘a\a(“; v, (Do) = ;rlauv (32)

|2
For the Raman vibrational cross section, the relative number of molecules
occupying vibrational excited states must be considered. Weighting the

states by the Maxwell-Boltzmann distribution law and using equations (26)

and (31), the cross section per molecule is

17



aﬁ' v

' N 2
_l- 'E’V /KT ' h 1/2
- ]

J

daoe
aa(“:vymmoln= ;E (33)
) e/
V3
for Av =+l and o = (o, - wj) or
2
b (o )]
a9 oW A I v i
dﬂ(“,v’w’a) ZE 2mmj 1. e‘hmj/KT (34)

The anti-Stokes band Av = -1 will not be considered since the effect
is ﬁot observed for most gases at room temperature.

Equations (32) and (34) give the differential cross section per
molecule for Rayleigh and Stokes vibrational Ramen scattering, respec-
tively, for light ﬁolarized in a coordinate system fixed in the
molecule. In e practical experiment, where the gas molecules are
randomly oriented, an average must be taken over all possible orienta-
tions of the molecule and related to a laboratory coordinate system.
That is, Iau,v|2 will be transformed to an orientation averaged
<:,a9,2'2:>, where u,v = x4, i =1, 2, or 3, are the molecular
coordinates and ,% = xi, i=1, 2, or 3, are the laboratory
coordinates. This transformation and averaging is treated in deteil

in appendix A with the results for the polarizability tensor

18
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b5a® + g2 382 3p°
2
<o,z "> % 3p2 45a® +4p2 3p° (35)
".,
362 3p° 4502 + 42

where the symbol ‘= indicates & tensor gquantity.

(1-=£L'( + Q, +U.)
T\ T %2 T O3
and

BE = %Eal - @2)2 + ((1.2 - &5)2 + (Cl.l - 03)2]

with @y O and m3 the principel wvalues of the %yy matrix.
The term o dis referred to as the isotropic part of the polarizability
and 8 as the anisotropic paxt.

The results of the transformation and averaging of the differen-~

tial polarizability tensor from appendix A is

h5a'® +14p'2 3p'2 3p'°
12~ _ 1 2 2 2 2
<‘ag,z| >= 05 38 451" +h4p 38 (36)
w’ ' ? ' r
3517 3312 h5a'2 + g2

Therefore, in the laboratory coordinate system, equations (32) and (34)
become:

For Rayleigh scattering,

L
w
%(Q,Z;wo) = ;‘E“<'ﬂﬂzle > (37)



and for Ramen vibrational scattering,

o o < ’“62'2>

(38)
o oy )ty

a .
'd;:(n:z:m,d ) =

for &v = +1 and o= (w, - wJ).

A comélete analysis of equations (37) and (38) with respect to
polarizations of the incident and scattered light as a function of
scattering angle is given 1In appendix B. In the optical radar experi-
ment, only backscatter is of interest. For backscatter polar-
ized parallei to the laser's polarization, Q = I in equations (37)

and (38). Therefore, for Rayleigh backscatter,

L
ae %% /o 4 o
= @) = ;Ir‘(“ tis P ) (39)
and for Raman.vibratiopal backscatter,

12 )-I- 12

B(y), =4 2 & (30)
(]
aQ ZE 2mmj ;- eanmj/KT

for &v = +1 and o = (wb - 3)'
For backscatter polarized perpendicular to the laser's polariza-

tion, @ # £. Therefore, for Reyleigh backscatter,

4
g%(wo L = :—E—(% 32) (k1)

20
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and for Raman vibrational backscatter,

o, (ui B-2)
ao _w An 5
1l -

for Av = +#1 and - (w, - qu).

The cross sections given in equations (39) and (41) include, in
addition to the true Rayleigh line, pure rotational Raman fine structure.
This fine structure is also present in the vibrational Raman effect
whose cross sections are given in equations (40) and (42).

An analysis of rotational fine structure for diatomic molecules

such as nitrogen and oxygen is presented in the next section.

ITIC. Rotational Raman Fine Structure of Rayleigh and Raman Vibrational
Scattering

If rotation of the molecule is included, the wavefunction V¥,

can be approximately expressed as

m

v, = Ve B[ ‘ij (QJ )’Vr (43)

where Wr is the rotational part of the molecular wavefunction.
To determine the distribution of the rotational fine structure,

equation (29) will be rewritten to include rotation as
*
(“uv)mmo = <:Wr|“3vlvr;> Bee 'Oyv!

+ Z <V e v > <V gl ¥y > (4)
3
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Although aﬁv | and a.;w are constant in thg_molecular frap_ze of reference,
when the polarizability tensqr is transformed to laboratory coordinates; ,.
‘as outlined in appendix A, the direction cosine functions cause the
rotational matrix elements t6 be non-zero. This is illustrated by sub-

stituting equation (A-3) into equation (kk4):

(ap_z)mo = Z ai<\lf’; |cos(i,z)cos(i,9)|vr.>
i

1 * . . *
+ Z ai<\lfrlcos(l,z)cos(l,ﬂ),llrr,><‘lrvj lqjlﬂfv!> (45)
. J

1)

The first term on the right side of equation (45) gives rise to the
rotational Raman fine structure on the Rayleigh scattering line. The
sécond term gives rise to the Raman rotationsl fine structure of the

vibrational Reman effect.

IIC1. Pure Rotational Raman Fine Structure

Considering first the rotational Raman fine structure on the
Rayleigh line and limiting the analysis to & rigid rotating molecule
(a good approximation for nitrogen and oxygen), the rotational part of

the molecular wavefunction can be written as

-_ m - (23 +1 (7 - m)! img
ve ey (09 = [RRED LTl icos o) (46)

m
where the g_ 7 (6,9)'s are normelized spherical harmonics.



TSRS

The energy levels of the rigid rotator are
2
h=J(J + 1
g0 - RIW 1) )
‘ 21, '
where Io is the molecular moment of inertia.
If
8reel,
then equation (47) becomes
ES = chBoI(J + 1) (148)
where B, 1is referred to as the molecular rotation constant.
In analogy to equation (35), the cross section for the pure
rotational Raman scattering can be written as
I -B,J (J+1 )hc/KT
a wegr(ed + 1)e
E(Q,Z:CD,J) =
- +
b ZsJ(EJHL)e BoJ (J+1 )he/KT
J
(%9)

2
. X Z a,i<1¥: Icos(i,Z)cos(i,Q)I L .>

i

with o = a, T w, where

EJI "EJ ' '
. ——?—-—=2ncBoJ (7' +1) - (7 + 1)

£
]

and 85 is the nuclear degeneracy.
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Approximating the summation by integration, as shown in
appendix C, equation (49) beécmes

(27 + 1)e~Bod (J+L)hc/KT

4 2B he &7

a9 w olic

(D sy ) = e

dQ(’,,) c)+ + ~

+
€7 &

- o
x Z ay ¥y |eos(i,5)cos(1,2)|¥ > (50)
i

where g} and g} are the nuclear degeneracies for J even and odd,
respectively. ‘

Substituting the rotational wavefunction given in equation (L46)

into equation' (50) results in the complete equation for pure rotational

Raman scattering:

%g(ﬂ,z,w,g) - 9;; 2B.he 85(27 + 1)e'BoJ (J+1 Yhe /KT
© o 8} + 53
' 2
X Z 0‘1<Lj ;m(e’q))lcos(i’z)°°s(i:9)llj?,(e,q,D
i (51)

A sample calculation of part of one of the terms in the rotational
matrix elements is given in appendix D, which indicates that the selection

rules for the rotational Raman effect are AJ = o,tz. Placzek(ee) per-

formed the coqplete analysis using cylindrical coordinates and determined

the J dependence of the cross sections to be

3(J+ 1)(J + 2)
2(27 + 3)

for AJ = +2

and (52)
3(J - 1)J

’ By -1y Tor AT =-2



1

v

Using the J dependence given in equation (52), the relative distribu-
tion of the cross sections for pure rotationel Raman scattering is

g%(n,z,w,J) oot 2Bghe By 305 4 1)(F 4+ 2) o-Bod (F+1)be/KT (5 s

H KT gj + g3 2(27 + 3)

for AJ = +2, J = 0’1,2’.--

W= Wy - Wn
and
- 3
w, = 8ncB, (J + —) ,
and

b g _ _
.d%(Q:Z:(D:J) « a—)E 2BOhc L 3(J l)J e BOJ(J+1 )hc/KT (5’4-)
d c KT g} + e 2(2J - 1)

for AJ = -2, J = 2,3,4,...

(o)
and
_ 1
Wy = 81cho( - -5)
Placzek(eg) has shown that only the '62 component in the total cross

section contributes to transitions involving AJ = 12, and that for a
rotor 25 percent of the B2 component contributes to the AJ =0
transitions.

Equations (39) and (41) for the backscatter cross sections may,

therefore, be divided as follows:

25



: L
@ =% (2. L g2) . -
dﬂ(wo)u -c-r<a +1+5 ;3) for AT =0 (55)
dae _woh. 2 . s
Ea mb)" = ;E_ ﬁ% B for Z§l=t§gns1tlons (56)
ae ‘Du 3 .2

(wo) =-9—<—5> for AJ = 0 (57)
artoly T\ 180

and
ae ot 9 2
- 2o (9 .

Eﬁ(wo)L = ;E_<;80 > for Z§l=t§gns1tlons (58)

Thus b& calculating the relative distribution of cross sections for the
rotational Raman fine structure, utilizing equations (53) and (54%) and
relating their sum to equations (56) and (58), an approximate value for
the individual rotational cross sections can be obtained. This calcu-~

lation is performed for nitrogen and oxygen in section IID.

IIC2. Vibrational-Rotational Raman Fine Structure

In a vibrating rotating molecule the rotational energy levels
will be affected by the molecule's vibrational state. The higher the
vibraticnal state, the larger the average separation of atoms in the
molecule, thus giving rise to an increased moment of inertia. The
energy levels of the rotational states in the ground vibrational level
given in eqﬁation (47 ) could have been expressed in terms of average

molecular separation as:

26



E ., (59)

o _D2(I+1)/1
J oM \1‘02

where M 1s the molecular reduced mass and (fé—> is a measure of atomic

2
To

separation. In similar fashion the rotational energy levels for a

molecule in the vth vibrational excited state can be written as

&~ BT+ 1)

~

J oM \rv2)

(60)
= chByJ(J + 1)
where the vth rotational constant is
h /1> h
B, = —r = (61)
v =4 2 2 -
8x cM\rv 8 cI,
Pauling and Wilson(gh) show that B, can be written as
B_= B, - v+l + (62)
v— e C!.e -2— s s .

where Be and a, are molecular constants. If the treatment is

restricted to vibrating rotors, the selection rules remain
AT = 0,12

The relative distribution of cross sections for the rotational
fine structure of the vibrational Ramen scattering is the same as the

pure rotational case except, of course, the frequencies are different.



This relative distribution is

L 2B he & -
g..%(QJZJCDJJ) * O_)E - J 3(J s l)(J s 2) e BOJ(J+1 )hc/KT (63)
¢’ KT g;+33 2(27 + 3)

for AT =42, J = 0,1,2,¢.., v =+1 and O -~ 1 transition

where
w = (0 = wpy)
with
Ext,1 - B
J J
Wpy = _.Y_%__‘_’
= wy +21rc[6Bl + (5131 -B)J +(Bl - BO)J2]
and
o 2Bghe g5 z(3 . 1)J e-BoJ(J+l)hc/KT (64)

—(Q,Z,w,J) «
da o* KT gl + ] 2(a7 - 1)

for AT = -2, J=2,3,b,..., A&V =41 and O - 1 transition

where

with

Wy = Wy + 2nc[231 - (38 + B,)J + (B; - BO)J2]

As in the case of pure rotational fine structure, Placzek's

analysis showed that only the 3'2 component in the total vibrational
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cross section contributes to transitions involving AJ = 12, and that
for a vibrating rotor 25 percent of the 3'2 component contributes to
AJ = 0 transitions. As was indicated above, eguations (40) and (42)

may be divided as follows:

ey =L for AJ:.= 0 and -(65)
et b omg 1 - e'mj/KT AV = 41
3 12
N = B
il-c-p-(a)) = % h 45 for all transitions (66)
ars N ot ey, ~hoog /KT AT = T2 and AV = 41
2_ g2
L 18 P
51%((»)_L = “—’E h for AJ =0 and (67)
d ¢’ 2mpby ., ~hws/KT M = +1
and
L i B,Q
® w)l = % h 180 for all trensitions (68)
as ot 2my L -hog /KT AT =12 and AV = +1

Again calculating the relative distribution of cross sections for
the vibration-rotation lines, utilizing equations (63) and (64) and
relating their sum to equations (66) and (68), an approximate value of
the cross section for each individual line can be obtained. This calcu-

lation will also be performed for N, and O, in section IID.



IID. Cross~Section Calculations for Raman Backscatter From N, and Op

The molecular constants_" for the calculation of scattering cross

- sections of N» and Op are sumarized in table I.

“TABLE I.- MOLECULAR CONSTANTS OF N, AND Op

o x 10248 x 10 o' x 10%6]p" x 1016 _vg —>1 Pe
(em3) | (em3) | (cm®) (m2) (V7 (cm-1) | %e
No[ 1.79 1 0.95 1.6 2.2 2330.7 |2.010 |0.0187
Opf 1.63 1.2 1.4 2.3 1554.7 |1.44566] 0.01579
The values for a, B8, a', and B' were determined from data

publishedA in reference 25. The remaining constants in table I are
listed by Herzbe;g.(26) The results of substituting the appropriate
values from table I into the backscatter cross sections given

in equations (55) through (58) and (65) through (68) are summarized in

tables II and III.

TABLE II.- CROSS SECTIONS OF N, AND Op FOR RAYLEIGH BACKSCATTER
AND THE SUM OF THE PURE ROTATTIONAL RAMAN BACKSCATTER

WITH A, = 371.5 A

¢ 49 do
ﬂ(mo )y an (e5) t E‘%(cno ) N a?i("’o n
aq " 1A11 transitions| ¢ A1l transitions
AT =0 AT = 2 AT =0 AT = 12
(cm@ster=1)| (cm2ster-l) |(cm@ster-l)| (cmPster-1)
No[3.5 x 1027} 6.5 x 1029 1.6 x 10727 3.2 x 10729
0p]2.9 x 10727} 1.0 x 1028 " |2.6 x 1089 5.1 x 10729




TABLE III.- BACKSCATTER CROSS SECTIONS OF N, AND Op FOR v =0 -1,

AT =0 VIBRATIONAL TRANSITION (Q-BRANCH), AND THE SUM OF

THE VIBRATION-ROTATION TRANSITIONS (O-BRANCH PLUS S-

BRANCH); Ny, = 3777 &, 1, = 3669 &

fele) deo
Loy @ L)y @)y
A1l transitions| ¢ A1l transitions
AT = O AT = 12 AT =0 N = t2
(em2ster=1)| (cm2ster-l) |[(em@ster-1) (cm@ster=1)
Npl2.1 x 10790 2.5 x 10731 [6.4 x 10722 1.3 x 10731
Opl2.4 x 10799 4.1 x 1071 (1.0 x 1071| 2.0 x 1073%

The relative cross sections of Np and O, for the rotational fine
structure has been calculated using equations (53), (54%), (63), and (64),
and the results are given in Appendix E. Also given in Appendix E gre
the normalized cross sections determined by dividing each relative
cross section by the sum of the relative cross sections for AJ = to.
An approximate value for the true cross sections are obtained by
multiplying each normalized cross section by the appropriate value from
tables II and III. An abbreviated listing of these results for the
rotational fine structure of the nitrogen Vv = 0 -1 +vibrational
transition are given in tables IV and V and are plotted in figure 1.

A complete listing of the fine structure cross sections of Ny and O,

is given in Appendix E.
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TABLE. IV.- DIFFERENTIAL BACKSCATTER CROSS: SECTIONS FOR ROTATIONAL

<q

VOO WVMSHEWNI=O

FTNESﬂBUUEﬂE!OFEHE:v

A, (H)'

3.77880E-01
3.77993E-01
3.78105E-01
3.76217E-01

. 3.78328E-01

3.78439€E~01

.3.78550E-01
3.78459E-0F

3.78769€E-01
3.78878€E-01
3.78986E~01
3.79094€E-01
3.79202E-01
3.79309€-01

_3.79415€E-01
3.79521E-01

3.79627E-01
3.79732E-01
3.79837E-01
3.79941E-01

3,.800456~01 _
3.80148E~01

3.80251E~01
3.80353E-01
3.80454E-01
3.80556E~-01

" 2.80811E-C2

TRANSITION OF Np. AJ = 42

Normalized a
cross section aaQnLL
AT = -2

1.715746-C2 2.18C706-33

1.51296E~02 1.,92297E-33
4.154756-02 5,28069E-33
2.53898E-02 3.22705E-33

 5.76401E~02. 7+32606E-33
| 3.09756E-C2

3.93700€~33

6.371506-C2_ 8.09818E-33

3.15539€E-02 _4.01050E~33

6.04501E~-C2 7.68321E-23
'3.56910E-33
5.07144E-02 6.44581E-33
2.22900E-02 2.83305E-33
3.81931E-02 4.85435E-33
1. 596056-02 2.02857E-33
2.60455E-02 3.31039E-33

1.03799€-02
1.61718E-02
6.15871E-03

9.17611E-03

1.31928€6-33

2.05543E-33

7..82772E-34

1.16628E-33

3.34405E-03  4.25029E-34
_4.77049E-03 _ 6.06329E-34

1.66534E-03 2.11665E-34

2,27664E-03 _ 2.89361E-34
7.61889E-04 9.68360E-35

9.98793E-04_ 1.26947€-34
3.20615€E-C4 4.07501E-35

0 — 1 RAMAN VIBRATIONAL

4.36140E-33
3.84593E-33
1.05614E-32
6.45408E-33
1.46521€E-32
7.87400E-33

1.61964E-32

8.02101€E-33
1.53664E-32
7.13820E-33
1.28916E-32
5.665611E~33
9.70869E~33
4,05715E~-33
6.62078E~33
2.63857E-~33
4.11087€E-33
1.56554F~33
2.33257E~33
8.50059E~34
1.21266E-33

 4.23329E-34

5.78723E-34
1.93672E~34
2.53893E-34
8.15003E-35
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TABLE V.- DIFFERENTIAL, BACKSCATTER CROSS SECTIONS FOR ROTATIONAL

FINE STRUCTURE OF THE v = O —» 1 RAMAN VIBRATIONAL

7\)('r»l-)

3,77539€-01
3.774256-01
3.77310€-01
3.77194E-01
3.77078E-01
3.76962E-01
3.76845E-01
3,76728E-01
3.76610E-01
3.76492€-01
3.76373E-01
3,76254E-01
3.76134E-01
3.76014E-01
3.75894E~01
3.75773E-01
3.75651E-01
3.75530E-01
2.75407E-01
3.75284E-01
3,75161E-01

3,75038E-01

3.74914E-01
3.74789E-01
3.74664E-01
3.74539E-01

TRANSITION OF Np.

Normalized .

cross section

AT = +2

1.62544E-02
1.38260E-02

3.66237€E-02

2.15886E-02
4.72757€E-02
2.45064E-02

 4.86239E-02
2.32279E-02 _
 4.29241E-02

3.35066E-02
1.42055E-02
2.34790E-02
9.46426E-03
1.48978E~02
5.72702E-03
8.60679E-03
3.16170€-03
4.54398E-03
1.59734E-03
2.19803E-03

7.40152E-04

9.76023E-04
3,15067E~04
3.98413E-04
1.23364E-04

AT = -2

dao
:'l_fl-(w )4.

2.06594F-33

1.75728E-33
4.6548TE-33

2.74391E-33

 6.,00874E-33

3.11477E-33
6.18010E-33
2.95226E-33
5.45565E~-33
2.44461E~-33
4,25869E-33
1.80552E-33
2.98418£-33
1.20291F-33
1.89351F-33
7.27904F-34%
1.09392E-33
4.01852E-34
5.77540E-34
2.03022€E-34
2.7937CE-34

" 9.40734E-35

1.24052E-34

4 ,00450E-35

5.06383E-35

"1.56795E~-35

4,13188E-33

3.51456E~33
9.30975E-33
5.48783E-33
1.20175F-32
6.22954E-33

1.23602E-32
5.90452E-33

1.09113E-32
4,88923F-33
8.51738E-33
3.61103€-33
5.96836E-33
2.4N0581F-33
3,78B702F-33
1.45581F-33
2.18785E-33
8.03703E-34
1.1550RE—33
4.D6044F~34
5.58740F-34

1.88147E-34

2.48105E-34
8.00900E-35
1.012776-34
3.13591E-35
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Figure 1l.- A plot of rotational fine structure for the nitrogen
v = 0 -1 vibrational Raman transition as a function of

wavelength.
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Calculation of the Raman Backscatter From the Atmosphere

For a system pointing on the vertical, the optical radar equation

for Raman backscatter from the atmosphere is:(lh)
y(ArI(Ar)eEA 4o
j VA = —— Z 7\ Z Z 6
1S( ) 222 dn?\R n( )Q( 52 )QO‘RJ ) (69)

where

and

is is the photomultiplier cathode current
7 = -‘?ét- is the altitude

t is the elapsed time after laser emission

v 1is the system optical efficiency

7 is the cathode spectral sensitivity

E 1is the total laser energy at A,

A 1is the area of the receiver telescope

n 1is the number density of Raman scattering molecules
is the atmospheric transmissivity

A, 1is the wavelength of the incident light

[&]

Ag is the Raman wavelength

Characteristic values of the constant terms in equation (69) for

the optical radar system used in this investigation are listed in

table VI.

No attempt was made to absolutely callbrate the optical

radar system, therefore the values in table VI, with the exception of

A, must be considered approximate.



TABLE VI.- TYPICAL PARAMETERS FOR
THE RAMAN OPTICAL RADAR

73669 X * * ¢ & 5 s & . e » e e o o . .:."'.On 02
75777 K © . L T R D T .20.08
«20.30

‘759762........'......
Mo o « o o o o s o v« o+ 0,04 amperes watt ~*

E . . . . L] L] L] L] L] L] . . L4 L] L] :olm jolues

_A e 8 o & e s s 8 s e o 9+ s s s s e 0.13 m2

Since the optical receiver system is assumed not to be polarization
sensitive and the interference filter pessbaad included rotational fine

structure, the total effective backscatter cross section can be written

9 ) = ©
E?z'(f”) @@, t @ | AT=0
\ | ap a9
+ 24 —(w) + —(w) W(ws) (70)
~ [dﬂ vag=to  de TLaz=to J

where WQDJ) is the relative transmission of the interference filter,
normalized to i at the pesk transmission. w(xJ) is assumed for the
purpose of these calculations to be Geussian with a full width at half
maximum transmission equal to 35 X- The measured transmission curves of
the interference filters indicate that this is a good assumption.

Using the cross section values given in table III and Appendix E,

the total effeétive backscatter cross section for N2 and 02 are:

%(5777 X)N = 2.5 x 10" em2ster-1 (1)
2



and

%§(3669 3)02 = 3.0 x 107° em?ster-l (72)

The water vapor molecule is in the class of molecules ca;led an
asymmetric top. The V1 symmetric.vibration (3569 cﬁ‘l) cross section
will, for purposes of éalculation, be assumed to be of the same order as
the nitrogen cross seétion. Therefore,

%%(5976 R)HEO ~ 10720 cm®ster~t (73)

Using these cross sections in equation (69), an estimate of the
backscatter return from the atmosphere mey be made. These estimates are
listed in tables VII through XII. The values Ay and Qp were obtained
from Elterman(27) and denote transmissivity for a pure molecular atmos-

phere and a "clear stmosphere," respectively. The pure molecular

atmospheric model is based on the U.S. Standard Atmosphere, 1962(28) and

includes only the attenuation of light due to the gaseous atmosphere.

1

The "clear atmosphere,' developed by Elterman, includes, in addition,

the attenuation effects attributed to the presence of aerosols. The

number density of N, and O, was derived from the U.S. Standard Atmosphere,

1262.(28)

ratio of 1 gm/kg. The other signal terms in these tables were calculsated

Water vapor number densities are based on a constant mixing

using
V= iSRG

where R is the effective load resistance (25 Q) and G is the

phototube gain (108) and

37



TABLE VII.- CALCULATED RAMAN BACKSCATTER RECEIVED SIGNAL FOR THE

q(3400 X)T* q(3800 X)T* (meter=3)

z
(1am)
0.20 .9505
0.40 9034
0.60 .8586
- 0.80 .8161
1.00 7757
1.20 .7529
1.40 .7308
1.60 .7093
1.80 .6885
2.00 .6683
2,20 .6552
2.40 6424
2.60 .6298
2.80 6174
3.00 .6053
3.20 . 5964
3.40 .5877
3.60 5790
3.80 .5705
%.00 .5621
4,20 .5553
4,40 5486
4,60 .5419
4.80 .5354
5.00 .5289
6.00 .5026
7.00 .4853
8.00 L4626
9.00 4466
10.00 4330
11.00 4215
12.00 4115
13.00 4033
14.00 +3961

v =0 - 1 VIBERATIONAL BAND OF No FOR

<9577

<9172
+8784
«8413
«8057
«7868
.7683
«7502
.7326
«7153
«7050
.6948
<6847
<6748
«6650
6582
«6516
«6449
«6384
«6319
6270
6221
.6173
«6125
«6077
.5987
«5718
«5577
«5460
«5353
«5262
«5189

ELTERMAN'S "CLEAR ATMOSPHERE."

nN2

1.9514
1.9140
1.8772
1.8409
1.8052
1.7700
1,73564
1.7012
1.6676
1.6345
1.6019
1.5698
1.5382
1.5071
1.4765
1.4464
1.4167
1.3876
1.3588
1.3305
1.3027
1.2753
1.2484
1.2219
1.1959
1.0720

.9581

.8539

.7585

L6715

5924

.5066

4329

.3700

i

(amperes )

2.726760

6.086000
2,406160
1.212640
6.927200
4,470800
3,052080
2,171200
1.594040
1.199400
9,387200
7.468000
6.024800
4,917600
4.054800
3.404400
2,881600
2.454800
2,104400
1.813600
1.578800
1.380400
1.211600
1.068000
9.440000
5.500000
3.331600
2.113600
1.402000
9.556000
6.668000
4.612000
3.248800
2.326000

x 10-10
x 10~11

x 10712

x 10713

x 10-14

x 10”15

*Elterman, L; AFCRL Environmental Research Paper No. 20, 1964

v

(volts)

6,.,816900
15.215000
6.015400
3.031600
17.318000
11.177000
7.630200
5.428000
3.985100
2,998500
23,468000
18.670000
15.062000
12.294000
10.137000
8.511000
7.204000
6.137000
5.261000
4,534000
3.947000
3.451000
3.029000
2.670000
23.600000
13.750000
8.329000
5.284000
3.505000
23.890000
16.670000
11.530000
8.122000
5.815000

x 10°1

x

X

1072

10

-3

10°%

x 1073

x

10

-6

ng

38

(ct/sec)

1.704225
3.803750
1,503850

.757900
4.329500
2.794250
1.907550
1.357000

.996275

.749625
5,867000
4.667500
3.765500
3.073500
2.534250
2,127750
1.801000
1.534250
1.315250
1.133500

.986750

.862750

.757250

667500
5.900000
3.437500
2.082250
1.321000

.876250
5.972500
4.167500
2.882500
2.030500
1.453750

x 107
x 108

x 107

x 10°

x 104



A
(m)

0.20
0.40
0.60
0.80
1.00
1.20
1.40
1,60
1,80
2.00
2,20
2,40
2,60
2,80
3.00
3.20
3.40
3.60
3.80
4.00

TABLE VIII.- CALCULATED RAMAN BACKSCATTER RECEIVED SIGNAL FOR THE

v = 0 - 1 VIBRATIONAL BAND OF N, FOR A MOLECULAR ATMOSPHERE

(3400 A)yw (3800 R)yy (meter™)

.9839
.9681
.9526
.9373
.9222
.9088
.8955
.8825
.8696
.8569
+8456
.8344
.8234
.8125
.8018
7922
.7828
.7735
.7643
.7552
7471
.7391
L7311
.7233
. 7156
.6817
.6528
.6281
.6068
.5885
.5729
.5596
.5485
.5392

.3899
«9799
+9700
«9602
.9505
<9417
9331
<9245
«9161
9076
.9001
<8927
.8853
+8779
8707
.8641
.8577
.8512
«8449
+8385
+8329
.8273
8217
«8162
.8107
- 7864
.7653
7470
.7310
7171
«7051
«6948
6861
.6788

nN2

1.9514
1.9140
1.8772
1.8409
1.8052
1.7700
1.7354
1.7012
1.6676
1.6345
1.6016
1.5698
1.5382
1.5071
1.4765
1.4464
1.4167
1.3876
1.3588
1.3305
1.3027
1.2753
1.2484
1.2219
1.1959
1.0720

.9581

.8539

«7585

6715

«5924

+5066

«4329

<3700

ig

(amperes)

2.917480
6.967920
2.958480
1.589520
9.715880
6.459080
4.542720
3.329020
2,517612
1.951320
1.546480
1.246468
1.018464
8.419240
7.032400
5.936960
5.052240
4.328400
3.731080
3.233240
2.821600
2.473160
2.176240
1.922400
1,703960
9.801600
5.997600
3.843600
2.550400
1.740000
1.214000
8.396000
5.916000
4,240000

x 10~

10

x 10-11

x 107

12

x 10-13

x 10-14

x 10”7

*Elterman, L; AFCRL Environmental Research Paper No. 20, 1964
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v

(volts)

7.293700
17.419800
7.396200
3.973800
24.289700
16.147700
11.356800
8.322550
6.294030
4,878300
3.866200
3.116170
2.546160
21.048100
17.581000
14.842400
12.630600
10.821000
9.327700
8.083100
7.054000
6.182900
5.440600
4,806000
4.259900
24.504000
14.994000
94609000
6.376000
4.350000
3.035000
20.990000
14.790000
10.600000

X

X 10‘5

x 1070

_..]
10
107?

1073

s

In

39

(ct/sec)

1,823425
4.354950
1.849050
«993450
6.072425
4,036925
2.839200
2.080637
1.573507
1.219575
.966550
« 779042
636540
5.262025
4.395250
3.710600
3.157650
2.705250
2.331925
2,020775
1.763500
1.545725
1.360150
1.201500
1.064975
6.126000
3.748500
2,402250
1.594000
1.087500

.758750
5.247500
3.697500
2.650000

x 109
x 108

x 107

x 1086

x 103



Z
(kam)

n.20
0.40
0.60
0.80
1.00
1.20
1.40
1.6n
1.80
2.00
2.20
2.40
2.60
2.30
3.00
3.20
3.40
3.60
3.80
4.00
4,20
4,40
4,60
4.80
5.00
6.00
7.00
8.00
9.00
10.00
11.00
12.00
13.00
14,00

TABLE IX.~- CALCULATED RAMAN BACKSCATTER RECEIVED SIGNAL FOR THE
v=0-1 VIBﬁﬂIIONAL BAND OF Op FOR ELTERMAN'S
"CLEAR ATMOSPHERE."

n

no i
o : o 2_5 S ( \.{t ) (ct/sec)
g (3400 A)T* q (3600 A)T* (meter=’) (emperes) volts
9650 .9537 5022 2.144720 x 10-11 5.3A1800 x l(}':7 1.340450 x 108
L9034 .9096 L4926 4.767600 x 10712 11.919n00 x 10-3 2.979750 x 107
.8586 8674 4831 1.883520 4.708800 1.177200
.8161 .8273 «4737 9.417200 x 10-13 23.54300n x 10_4 5.885750 x 106
7757 . 7890 4646 5.358400 13.39600Nn 3.349000
7529 . 7683 . 4555 3.448160 8.620400 2.155100
.7308 . 7481 4466 2.347520 5.868800 1.467200
.7093 . 7285 .4378 1.665280 4.1632N0 1.040800
.6885 « 7094 4291 1.218960 3.04740n .761850
6683 .6907 L4206 9,146400 x 10-14 22.866000 x 1073 5.716500 x 103
6552 6791 24122 7.141200 17.853000 4.,463250
.6424 .6676 4040 5.668400 14,171000 3.542750
«6298 +6564 .3958 . 4,561200 11.403000 2.850750
6174 .6453 .3878 3.713680 9.284200 2.321050
.6053 6344 . 3800 3.055360 7.638400 1.909600
5964 .6268 .3722 . 2.560080 6.400200 1,600050
5877 .6192 + 3646 2,162880 5.407200 1.351800
<5790 .6116 3571 1.838720 4.596800 1.149200
.5705 6042 . 3497 1.573040 3.932600 2983150
.5621 5969 .3624 1.353040 3.382600 " 845650
+5553 5912 3352 1.,175520 2.938800 734700
.5486 .5856 .3282 1.026240 2,565600 641400
.5419 .5800 .3212 8.990400 x 10~15 22,476000 x 10-6 5.619000 x 10%
.5354 5744 L3144 7.908000 19. 770000 4.942500
.5289 .5689 .3077 6.978400 . 17.446000 4. 361500
.5026 5461 .2759 3.964000 9.910000 2.477500
+4353 5273 «2466 2,426920 6.067300 1.516825
4626 5112 .2198 1.530520 3.826300 .956575
4466 .4976 .1952 1.009200 2.523000 .630750
4330 .4858 .1728 6.850000 x 10'16 17.125000 x 10-7 4,281250 x 103
4215 4757 .1524 4,759200 11.898000 2.974500
+4115 4667 .1304 3.277200 8.193000 2,048250
L4033 +4598 1114 2.303600 5.759000 1.439750
3961 +4534 0952 1.644000 4,110000 1.027500

*Elterman, L; AFCRL Environmental Research Paper No. 20, 1964



z
(tam)

0,20
0,40
0.60
0.80
1.00
1.20
1.40
1.60
1.80
2.00
2.20
2.40
2.60
2.80
3.00
3.20
3.40
3.60
3.80
4,00
4.20
4,40
4,60
4.80
5.00
6.00
7.00
8.00
9.00
10.00
11.00
12,00
13.00
14.00

TABLE X.- CALCULATED RAMAN 'BACKSCATTEFR RECEIVED SIGNAL FOR THE

v = 0 — 1 VIBRATIONAL BAND OF Oy FOR A MOLECULAR ATMOSPHERE

q (3400 R)M* q (3600 X)M* (mete§'5)

«9839
.9681
«9526
9372
«9222
.9088
. 8955
.8825
« 8696
+8569
- 8456
.8344
«8234
.8125
.8018
«7922
.7828
7735
»7643
«7552
7471
.7391
7311
.7233
7156
46817
6528
.6281
.6068
.5885
«5729
«5596
«5485
.5392

.9873
«9748
«9625
+9503
.9383
+9275
.9168
.9063
.8959
. 8856
.8764
8673
.8583
.8494
» 8405
.8327
.8249
.8171
.8095
.8019
.7951
.7884
. 7817
.7751
.7686
.7399
.7151
«6936
6751
+6591
6453
.6334
.6236
6152

no,

«5022
4926
+4831
4737
« 4646
<4555
4466
.4878
.4291
4206
4122
«4040
.3958
.3878
«3800
«3722
« 3646
<3571
«3497
«3424
«3352
.3282
3212
« 3144
«3077
«2759
«2466
«2198
.1952
.1728
+1524
.1304
.1114
«0952

1

(amperes)

2.298308 x 10°1!

5.,475220 x 10-12

2.318660
1.263760 13
7.575920 x 10
5.024560
3.525280
2.577560
1.944360
1.503720
1.189360
9.565200 x 10
7.797600
6.411200
5.362000
4,518400
3.837600
3.281600
2,823200
2,442000
2,126800
1.861200
1.634800
1.441600
1,275600 .
7.284000x 10
4.424000
2.816000
1.860000
1.260000
8.760000x 10°
6.040000
4,240000
3.000000

-14

15

16

*Elterman, L.; AFCRL Environmental Research Paper No. 20, 1964

v
(volts)

5.745770 x 10~

2

13.688050 x 10-3

5.796%50
3.159400
18,939800 x 10
12.561400
8.813200
6.443900
4.860900
3.759300
2.973400

23.913000 x 107>

19.494000
16.028000
13. 405000
11296000
9.594000
8.204000
7.058000
6.105000
5.317000
4.653000
4.087000
3.604000
3.189000
18,210000 x 10
11.060000
7.040000
4.650000
3.150000 R
21.900000 x 10
15. 100000
10.600000
7.500000

7

g

41

(ct/sec)

1.436442
3.422012
1.449162
. 789850
4,734950
3.140350
2.203300
1.610975
1.215225
.939825

« 743350
5.978250
4,873500
4.,007000
3.351250
2.8240Q0
2,398500
2,051000
1.764500
1.526250
1.329250
1.163250
1.021750

.901000

«797250
4,552500
2,763000
1,760000
1,162500

« 787500
5.475000
3.775000
2.650000
1.875000

. 8
x 10
x 107

x 10

x 10

x 10

x 10

6

3
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TABIE XI. CALCULATED RAMAN BACKSCATTER RECETVED SIGNAL FOR THE 11
| SYMETRIC VIBRATION LINE OF Hy0 FOR ELTERMAN'S "CLEAR
ATMOSPHERE." (ASSUMING CONSTANT MIXING RATIO OF
1 gm/kg AND CROSS SECTION OF THE ORDER OF THE

NITROGEN v = O — 1 TRANSITION).

. : TH,0 ig v s
(1) (3400 K)T* q (4000 X)T* (meter™®)  (amperes) (volts) (ct/sec)
" .20 .9505 .9637 .003886 8.197606% 1071 20.494016 x 10°%  5,123504 x 10°
40 «9034 .9287 .003812 1.841192 .14 %4.602980 .5 1.150745
«60 .8586 »8949 .003738 7.349896 x 10 18.374740 x 10 4.593685 x 107
.80 .B8161 .8624 .003666 3,713850 9.284626 2.321156
1.00 L7757 .8311 .003595 2.134962 5.337406 1.334351
1.20 .7529 .8146 .003525 1.382962 15 3+457406 -6 .864351
1.40 .7308 .7985 .003456 9.478444x 107 23.696110 x 10 5.924027 x 10%
1,60 .7093 .7827 .003388 64767984 16.919960 4,229990
1.80 .6885 .7672 .003321 4,987436 12.468740 3.117185
2,00 6683 .7520 .003255 3.767333 9.418333 2.354583
2.20 «6552 + 7429 .003190 2.955444 7.388610 1,847152
2,40 +6424 «7339 .003126 2.357184 5.892960 1,473240
2,60 .6298 .7250 003063 1.906021 4.765053 1,191263
2,80 6174 .7162 .003001 1.559384 3.898460 .974615
3,00 «6053 .7075 002940 1.288874 3.222185 .805546
3.20 +5964 .7016 .002880 1.084236 .16 2-710592 . 677648 3
3,40 .5877 46957 .002821 9,192073x 10 22.,980183 x 107 5.745045 x 10
3.60 .5790 <6899 .002763 7.845629 19.614073 4,903518
3.80 .5705 .6841 .002706 6.737333 16.843333 4,210833
4,00 .5621 6784 ,002650 5.817333 14.543333 3.635833
4,20 «5553 6741 002594 5.071110 12.677776 3.169444
4,40 .5486 .6698 .002540 4,440517 11.101293 2,775323
4,60 #5419 .6655 .002486 3.903184 9.757960 2.439490
4.80 .5354 .6613 .002433 3.444666 8.611666 2.152916
5.00 +5289 .6570 .002381 3.049406 7.623516 1.905879
6.00 .5026 .6395 .002135 1.755702 4.389256 1.097314
7.00 .4853 «6250 .001908 1.087925 .17 2.719814 .679953
8.00 24626 .6126 .001700 6.935554 x 10 17.338886 x 10-8  4.334721 x 102
9,00 <6466 .6023 .001510 4,620000 11.550000 2.887500
10.00 L4330 »5927 .001337 3.160740 7.901850 1.975462
11.00 #4215 .5851 2001179 2.214814 5.537036 1.384259
12,00 w4115 .5781 .001008 1.534814 3.837036 .959259
13.00 <4033 .5723 .000862 1.084444 .18 2711111 . 677777 1
14.00 «3961 .5672 .000736 7.777777x 10 19,444443 x 10 % 4.861110 x 10

*Elterman, L.; AFCRL Environmental Research Paper No. 20, 1964



43

TABLE XII.- CALCULATED RAMAN BACKSCATTER RECEIVED SIGNAL FOR THE V1

SYMMETRIC VIBRATION LINE OF Ho0 FOR A MOLECULAR ATMOSFHERE. (ASSUMING

CONSTANT MIXING RATIO OF 1 gm/kg AND CROSS SECTION OF THE ORDER OF

THE NITROGEN v = O —» 1 TRANSITION)

VA

(3m)
«20

.40
.60
«80
1.00
1.20
1.40
1.60
1.80
2.00
2,20
2,40
2.60
2.80
3.00
3.20
3.40
3.60
3.80
4,00
4.20
4,40
4,60
4.80
5.00
6.00
7.00
8.00
9.00
10.00
11.00
12,00
13.00
14.00

o
q (3400 Ay

.9839
9681
«9526
.9373
«9222
.9088
.8955
.8825
<8696
+8569
«8456
<8344
.8234
.8125
.8018
«7922
.7828
«7735
» 7643
«7552
. 7471
.7391
7311
«7233
.7156
6817
+6528
.6281
.6068
.5885
«5729
5596
«5485
»5392

q (4000 X)M (meter™?)

.9918
.9837
9757
9677
.9598
.9527
.9457
.9386
9317
+9248
.9186
9124
9063
.9002
.8941
.8887
8834
.8780
.8727
.8674
.8627
.8580
.8533
.8486
« 8440
8236
.8057
+7901
.7764

" .7645

«7541
7452
«7376
7313

Ny 20

.003886
.003812
.003738
.003666
.003595
003525
003456
.003388
003321
.003255
.003190
.003126
«0p3063
003001
.002940
.002880
.002821
002763
002706
002650
002594
002540
.002486
.002433
.002381
.002135
.001908
.001700
.001510
.001337
.001179
.001008
.000862
.000736

‘s

(amperes)

8.733096
2.089908
8.890844
4,786214
2.931273
1.952337
1.375569
1.009785
7.650073
5.940496
4,716392
3.806369
3.115088
2.579377
2,157569
1.824258
1.554688
1.333888
1.151436
9.993333
8.731554
7.663481
6.751925
5.971702
5.,300148
3.066888
1.886592
1.214518
8.092592
5.541481
3.880000
2.690369
1.900740
1.365184

*Elterman, L.: AFCRL Environmental Research Paper No.

v
(volts)

x 10713 21,832740 x 104

5.224770

x 10-14 22,227110 x 1077

11.965536
7.328183
4.880843
3.438923
2.524464

x 10713 197125183

14,851240
11.790980
9.515923
7.787720
6.,448443
5.393923
4.560646
3.886720
3.334720
2.878592

x 10-16 34 983333

21.828886
19.158703
16,879813
14.929256
13.250370
7.667220
4,716480
3.036296

x 10717 29 2314380

20,

13.853703
9.700000
6,725923
4,751850
3.412960

1964

x 1076

x 10-7

x 10-8

ng

(ct/sec)

5.458185
1.306192
5.556777
2.991384
1.832045
1.220210

859730

631116
4,781295
3.712810
2.947745
2,378980
1.946930
1.612110
1.348480
1.140161

971630

«833680

.719648
6.245833
5.457221
4.789675
4.219953
3.732314
3.312592
1.916805
1.179120

.759074
5.057870
3.463425
2,425000
1.681480
1,187962

«853240

x 106

x 105

x 10“

x 10

x 102



where e 1s the electronic charge. These results have also been

plotted and are shown in figures 2, 3, and .

ITF. Application of Raman Scattering to Measurements in the Atmosphere

If the water vapor mixing ratio, w, is defined as the mass of
water vapor per unit mass of dry air, then from equation (69) the ratio

of the signal returns from the atmosphere is related to w by

X do .
Vo  is@ino 7(3976 By 0 “p0(%) -
= = W .

v(z)N_2 iS(Z)N2

Y (5777 Ry @)
2

assuming (3777 &) = n(3976 &) ana (3777 &) = o(3976 &). I similar
fashion an indication of the aerosol mixing ratio, a, can be shown to
be proportional to the ratio of the elastic scattered return to the

nitrogen return as

( 0 do deo

V(Z)Elast:lc== ;S(Z)Elastic=

x c+a

v(z) ig(2)
N2 ST e (3777 R)E %gN ny, (2)

2 (75)

where %% is the cross section for molecular Reyleigh backscatter,
Qe M
oy is the total molecular number density, gg is the aerosol back-
A
scatter cross sgction, n, is the aerosol number density, and c is

a constant.

g
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Figure 2.- Calculated Ramen backscatter signal for nitrogen as
a function of altitude using typical system parameters
listed in table VI.
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Figure 3.- Calculated Raman backscatter signal for oxygen as a
function of altitude using typical system parameters listed
in table VI,
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Figure k.- Calculated Reman backscatter signal for water vapor
as & function of altitude using typical system parameters
listed in table VI. Calculations are based on a constant
mixing ratio of 1 gm/kg. .
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The ratio of signals given in equation (75) will only provide an
indication of aerosol‘mixing ratio since it neglects the interaction of
aerosols with water vépor. This interaction mey change the backscatter
due to the aerosols changing size and index of refraction without a

corresponding change in the aerosol number density.



III. MIXING IN THE EARTH'S LOWER ATMOSPHERE

The major mechanism for mixing in the lower atmosphere is turbulent
diffusion. A complete analysis of turbulence and its effect_on_mixing
must involve the equations of motion of the gas. Exact solutions of
these equations have been obﬁained for a limitéd number of specia; cases
considering only simple geometric configurations; consequently, the
study of turbulent diffusion in the atmosphere has centered on the
development and utilization of statisticel models. The model for
turbulent mixing to be discussed here was suggested independently by
Prandtl(gg) and Taylor(Bo) and is referred to as the mixing length
theory. This model is an attempt to frame turbulent diffusion in terms
similar to molecular diffusion of kinetic gas theory. In the mixing
length theory the transfer entity is pictured as a volume of gas,
called an eddy, which maintains its identity and characteristics from
its creation until it has moved a distance 1, referred to as its mixing
length, at which point it is absorbed into its surroundings. No restric-
tions are placed on the size of an eddy or its mixing length. The
mechanism of turbulent diffusion in analogy with molecular diffusion
must be viewed with caution. Molecular diffusion is described by a
model in which the distance and time scales are very small compared to
the scales of the property being diffused. In turbulent transfer the
scales of the turbulent motion are frequently of the same order as those
of the property being transported, and never very much smaller. 1In

addition, turbulence is a continuum phenomenon. The success of the

k9



mixing length .concept lies in ﬁhe fa;t that only simple assumptions
regarding 1 -are required in 6:der to obtain a useful analysis of
many aspects of turbulent motion.

Consider.that the concentration, of & constituent in the atmosphere,
such as water vapor or aerosols, has an instantaneous distribution given

as S(2), then its average vertical transport (momentum flux) can be

written as

Fg(2) = p(Z)W(Z)5(2) (76)

where Fg 1is the average vertical transport

P is the mass density of air

w 1is the instantaneous vertical velocity

S s the mixing ratio of the constituent

Z 1s the altitude
and

the bar denotes a time average

Due to random motions of the eddies, w(Z) and S(z) mey be divided

into thelr respective average part and fluctuating or eddy part as

w(z) = w(z) + w'(2)
and
s(z) = 8(z) + s'(z)

then equation (76) beuomes

Fo(2) = o(z)[w(z) + w'(zz'[é'('z_) + s'(Z)] (77)



Since only turbulent diffusion is to be considered, w = 0 and

Fg(z) = 8(2)w' (2)5(z) + p(2)w' (2)8' ()
From eddy to eddy e(Z) ~ constant, therefore,
Fg(2) = p(z)w'(2)s'(2) (78)

since w'(Z)

Consider, now, a horizontal plene through which eddies are passing.

0.

For an eddy that originates a distance 1 above this plane, the fluc-

tuating part of S(Z) can be written as

S'(z) = 8(z) - 8(z + 1)

ds(z)
oZ

R

-1

Using this for 8'(Z), equation (78) becomes

ds(z)

;D(Z)w'(Z)Z <

Fg(2)

ds(z)
oz

-0(2)Kg(2) (79)

where Kg(z) = w'(Z)1 and is referred to as the eddy diffusion
coefficient. In the framework of the mixing length theory, equa-

tion (79) is the equation that should determine turbulent mixing
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in the atmosphere. Difficulties arise even in this simple model of
turbulent diffusion when it is applied to studies of the atmosphere
bécause of the complexity of the diffusion coefficient. Fleagle and

Bussinger(Bl) give for K:

1/2

2V _ 8 T
X z<az) ooz *T (80) ‘

where
v is‘the horizontal wind velocity
a ié an unknown constant
g 1s the gravitational constant
T 1s temperature

and

' is the adlabatic lapse rate defined as the negative
slope with altitu&e of the adiabatic temperature
relationship, TP = constantéTwhere P may be

related to altitude, I'= - (az o
The atmosphere at an altitude 2 is said to be adiabatic if
- é%égl = P(Z), where T(Z) is the true temperature profile. An
adiabatic atmosphere is neutrally stable since eddies expand adiabatic-

ally under vertical motion and are thus always in equilibrium with their

surroundings. If - 2%%52 < 1r(Z), the atmosphere is considered stable

at Z because of the restoring buoyant forces. Otherwise, if

oT(Z)

37 > I (Z), the atmosphere is considered unstable.

Equation (79) indicates that mixing takes place, on the average,

from regions of high concentration to regipns of low concentration.



If the earth is the source of the atmospheric conskituent, such as
water vapor, aerosols, or pollutants, the tendency is for the mixing
to be vertically upwara.

The height up to which this mixing tskes place is important,
particularly in regard to aerosol and pollutant mixing. The higher
this mixing height, the lower (on the average) is the concentration at

i

the earth's surface. For an adisbatic atmosphere, from equation (80)

. aV(Z))
K(Z) 1 < 5

Thus, the mixing heirut for this case will be that altitude where

ov(z)
o7
of the earth. This height is on the order of 1 to 2 ¥m. The atmospiicie,

however, is seldom adiabatic; rather it is more often layered with each
altitude layer having varying degrees of stability and instability.
Equation (80) indicates that the msgnitude of the eddy diffusion
coefficient is altered by the stability of the atmosphere. In a stable

oz —
unstable layer, mixing is encouraged since (g% + P) < 0. Thus, if a

layer <92 + P> > 0 indicating that mixing is discouraged. For an
very stable layer is present in the lower atmosphere, its height may
determine the height of the mixing layer siace it would tend to cap
further upward mixing.

This analysis indicates that turbulent mixing within the framework
of the mixing length theory is determined by the rms value of the mixing
length, the horizontel wind gradient, and the stability layering in the

atmosphere.

~ 0, or where the winds are not affected by the disturbing pres: e
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IV.: NOISE ANAIYSIS

The sources of noise or uncertainty in-an optical radar system
include shot noise, tﬁenmionic emission at the photocathode of the
detector, sky background, vaiiations in dynode amplification, and near-
field scattefing of fluorescence radiation produced by the laser and
Johnson noise. Of these, only the first three will be considered in
detail, since Johnson's noise and fluorescence are small and can be

neglected. 'The shot noise of the signal current frem the photo-
multiplier including these three effects is

1/2
Al = G[:2e(is +ip + iB)Af] (81)

where

G 1s the electron gain of the phototube

e 1s the electronic charge

ig 1s the signal current at the photocathode

ip is the thermionic emission current at the photocathode

ip is the sky background current at the photocathode
and Af 1s the electrical bandwldth

The signel-to-noise ratio is then:

i i
=== S (82)

X ., 1/2
2e(ig + ip + iplaf
S

Assuming a ¥ = 2 for minimm signal detection criterion,

equation ( 82) can be rewritten as
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. o 0 . 1/2
ig = he AF + [16e° AFS + 8e(ip + ip)af (83)

with (ip + ig) 2 2 x 10715 amperes, as discussed in sppendix F, and
using the calculated signal current given in tables VII through XII,
curves relating altitude limit and bandwidth, Af, have been constructed
for oxygen, nitrogen, and weter vapor Raman returns and are shown in
figure 5. The detection altitude and/or the altitude resolution can be
increased by averaging returns from a number of laser transmissions.

At any given altitude, or for any given altitude resolution, it will be

shown for the photon counting case that S/N is increased by the square root

of the number of laser firings; this result is also applicable here.

At higher altitudes the signal at the oscllloscope becomes a
series of spikes corresponding to individual photon events. At this
signal level it becomes convenient to count these events in successive
altitude resolution windows and sum the results over a large number of
laser transmissions as & measure of backscatter from the atmosphere.
Since the rate of emission of photoelectrons from the photocathode of
the detector is assumed to be Poisson, the fluctuation in the number of

counts for a counting time T can be written as(32)

Hn = ‘r(ns + np + nBEI 1/2 (8k4)

where
ng is the signal count rate

np is the thermionic emission count rate
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and
ng is the sky background count rate
The signal-to-noise ratio is then:

s _ g -_ g :
T = (85)

An E’(ns + np + nBj] 1/2

If m successive laser firings are made and the photon counts

are summed over successive counting times, T, S/N can be increased

by Jym as

ming

= (86)
[m'r(ns + np + nBE]l/2

Again using as the minimum detection criterion

=1 145}

Zlw
1
no

-

equation (86) may be rewritten as

2 bk
nS = F + [(mT)E + E(HD + nBﬂ

Using the calculated count rate from the atmosphere given in tables VII
through XII, a series of curves can be constructed relating the product
mT with meximum altitude. These are shown in figure 6 for oxygen,
nitrogen, and water vepor, and provide the basis for establishing a
relationship between laser pulse repetition rate, stability of the par-
ticular atmospheric phenomena being observed, altitude resolution, and

maximum attainable altitude.
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V. EQUIPMENT

General

The opticel radar system uéed in this investigation was installed
in an envirommentally controlled mobile van. A photograph of the van
is given in rigure 7 with its rear door open showing the laser system.
The laser and telescope of the optical radar system are aligned parallel
and pointed on the vertical directly below a hatch in the roof of the
van. The laser pulse propagates through the hatch and vertically into
the atmosphere. As this pulse of laser energy propagates upward through
the atmosphere, part of it is scattered by molecules and aerosols. A
small portion of the scattered energy is collected by the telescope and
is spectrally analyzed to provide basic information concerning the

earth's lower atmosphere.

VA . Laser Transmitter

The laser system used in this investigation is a frequency
doubled Korad Kl-Q Q-switched ruby leser. A sketch of the laser
transmitter is shown in figure 8. The cavity of the laser is defined
by a totally reflecting rear reflector and a partially reflecting
front sapphire etalon. Mounted within the cavity is a 9/16 X 4 inch
ruby rod pumped by a helical xenon flash lamp, and a Pockels cell
Q-switching device. The Pockels cell switches the §Q of the laser
cavity aspproximately 1.5 msec after the flash lamp fires, producing a
nominal 1 Jjoule pulse of 20 nsec duration at 6943 A contained in a
beam of gpproximately 5 mrad. The Q-switching by the Pockels cell

]

59



rigure 7.- A photograph of the optical radar system installed in :
a mobile van. 8
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Figure 8.- A sketch of the laser transmitter.
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produced a high level of rf néise which was eliminated by wrapping the
unit in several layers of alu@inum foil and double shielding the Pockels
cell cable and signal cable.

The output of the ruby laser is frequency doubled (3471.5 X) by
a nonlinear ADP crystal with conversion efficiency of about 4 percent.
Temperature control of the ADP crystal to within ilo F was necessary to

"maintain peak conversion efficiency. A simple feedback tempersture
control system was designed that was able to meet the 1° 7 temperature
control requirement.

The beam splitter shown in figure 8 directs a small portion of
the emitted laser energy onto a vacuum photodiode whose spectral
response is limited by a low-pass filter. The filter rejects the laser
fundamental at 6943 X while passing the second harmonic at 3471.5 K.

A test was performed to evaluate the rejection capability of the low-
pass filter for the laser fundamental. The laser was pulsed both with
and without the frequency doubler crystal placed in front of the laser.
As was expected, the photodiode only responded when the laser was
pulsed with the crystal in place, indiceting that it is not sensitive
to the lasef fundamentel. The signal from the photodiode is slightly
integrated so that the peak of its output ié proportional to the total
energy of the laser pulse at 3471.5 2.

All laser components are mounted on a rigid platform which is
adjustable in two degrees of freedom to permit alignment with the

receiver system.
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VB. Receiver System

L}

The telescope thét collects the backscattered radiation from the
atmosphere was designed around an available.f/j, 16-inch~-diameter
schlieren mirror. A drawing of the telescope is shown in figure 9.

The telescope tube is made of rolled aluminum plate with mounting
brackets at the rear and a flange at the bottom. Attached to the flange
is a plate that supports the weight of the primarxry mirror. Nine support
points are provided for the primary mirror to reduce the possibility of
introducing optical distortion due to stressing. These nine support
points are arranged in groups of three. Each group of support points
is , in turn, supported and made adjustable by a micrometer. The
secondary is a first surface flat mirror cut in an elliptical shape to
match the cone of light from the primary mirror and to maintain minimum
obscuration of the incident radiation. The secondary mirror is mounted
with Eastman 510 optical cement on a brass cylinder cut at 450. Three
micrometers mounted above the cylinder provide angular adjustment of

the secondary. An accessory optics cradle is mounted on the outside

of the telescope tube.

For the initial experiments performed with a precision dual
monochromator, the arrangement of the recelver system was as shown in
figure 10. In this configuration the backscattered radiation from the
atmosphere was focused by the primery mirror in the plane of a 0.3-inch
adjustable stop. The collected radiation was refocused by two anti-
reflective coated lenses onto the entrance slit of the monochramator.

Both lenses were mounted in a Lansing mount which provided angular
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‘adjustment to minimize coma in the final image and translational adjust-
ment to allow for preciée focusing. The monochromator was mounted on
two heavy aluminum plates separated by a teflon sheet. Eight position-
ing bolts attached to the 16wer plate and in contact with the upper
plate provided three degrees of adjustment of the monochromator in the
horizontal plane. The lower plate was supported by three bolts arranged
in a triangular pattern providing vertical and tilt adjustments. A

dual monochromator was selected for this investigation because of its
ability to reject stray light. This is of particular importance in a
Raman scattering experiment because of the presence of the relatively
intense elastic scattered line near the Ramen lines of interest. The
dual monochromator used in this investigation was a Spex Model 1400-II,
with straight slits 50 mm high, adjustable to 3 mm wide, and gratings
blazed to give a maximum reflectanée at 3000 X. It has a maximum stray
light rejection greater than 1012. The analyzed light is detected by

an Amperex 56 DUVP, 1lh-stage photomultiplier tube placed at the exit
slit of the dual monochromator. This phototube, in combination with

the dynode circuitry provided by the manufacturer, produces a 2 to 3nsec
pulse for each photoelectron event, making it ideal as a detector in
photon counting experiments. The linearity of the phototube was veri-
fied by comparing i%s output current with its output count rate over a
range of light intensities of a tungsten lamp. The characteristics, as
measured by the manufecturer fpr this phototube, indicate a gain of 10
when operating at 2000 V and a peak quantum efficiency of 16 percent.

A 50 Q anode load resistance at the phototube and a matching 50 Q



impedance at the input of the preamplifier results in an effective
load resistance of 25 i. The preamplifier is a variable gainh(up to
100) 100 MHz bandwidth amplifier made by Lécroy Research Systems. The
signal is then presented toAa variable bandwidth amplifier, which is

# Tektronix type O oscilloscope preamplifier, and displayed on a
Téktronix type 556 oscilloscope.

After the experiments performed with the monochromator were com-
pleted, the receiver system was modified to make use of the higher
throughput of interference filters. Three interference filters, each
35 X wide, were used in this phase of the experiment. The bandpass of
the filters were centered at 3669 R, 3777 R, and 3976 A which correspond
to Raman bands from oxygen, nitrogen, and water vepor, respectively.
Optical transmission curves were measured for the three filters on a
Cary 1k spectrophotometer to determine their rejection of the relatively
intense elastic scattered line at 3471.5 R. Since the Cary 14
instrument is not sensitive below 0.1 percent transmission, it was
necessary to verify the rejection of the filters in the experimental
setup. This check was performed by two methods. First, before the
monochromator was removed from the system it was adjusted to select
the elastic scattered radiation from the atmosphere at 3471.5 X. Each
filter was then placed between the monochromaetor's exit slit and the
phototube, and the laser was pulsed. If each filter was blocked at
3h71.5 R, no backscatter signal from the atmosphere would be observed.
This wes determined to be the case when an additional blocking.filter

was provided for the nitrogen and oxygen interference filters. No



additional blocking was required for the water vapor filter. The peak
transmission éf each filter is‘given in Chapter II. The second test
was perfbrmed:after the monoéhromator was removed from the system. In
this test an }nterferenee filter centered at 3471.5 X was used with

each Raman bé#& filter. The results of the second test were in agree-
ment with the:first. It should be stated that these tests could only
check the bloéking of the Raman band filters to within a factor of 5
since both the monochromator and the 3471.5 X filter have transmissions
of the order ;f 20 percent. A sketch of the modified receiver system
is shown in figure 11. The single lens, ir a Lansing mount, collimates
the backscatter return before it passes through the particular inter-
ference filter and is incident on the phototube. The external circuitry
is identical to the original setup with the exception that the bandwidth

limiting amplifier is & Tektronix type D oscilloscope preamplifier.

vVC. Alignment of the Receiver and Laser Transmitter

The alignment of this system is difficult, since both the telescope
receiver, and laser transmitter are rigidly fixed, pointing on the verti-
cal. For alignment purposes an 18-inch-diameter mirror is mounted above
the telescopé, as shown in figure 12. Collimated light from a zirconium
arc lamp is directed down the mechanical axis of the telescope. This
collimated light is produced by replacing the telescope primary with an
optical flat. The arc source is then positioned to be coincident with
its return tangential image. With the primary sgain in place, the

telescope and stop position are aligned. 1In the initial setup shown in
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figure 10, the two lenses are adjusted, using standard retro-reflective
techniques, to minimize coma and to produce alsharp image at the entrance
slit of the monochrometer. In the modified receiver system shown in
figure 11, retro-reflective techniques are again utilized to assure
maximum collimetion and proper orientation of the interference filters.
The alignment of the laser's optical axis to the telescope's
optical exis is accomplished using an alignment fixture shown in
figure 12. The two front surfaced mirrors on the alignment fixture are
adjusted to be parallel using an independent source of parallel light.
The fixture is then positioned in the collimated beam from the 18-inch
mirror. Agein utilizing retro-reflective techniques, the laser table
is adjusted until the laser's front mirror is perpendicular to the
optical axis of the telescope. Final alignment of the laser and
telescope is performed by adjusting the orientation of the laser trans-
mitter until a maximum backscatter return is received from ?he

atmosphere.

VD, Supporting Equipment

Radiosondes: Environmental Sciences Services Administration
personnel assigned to NASA, Wallops Island, Virginia, launched standard
U.S. Weather Bureau radiosondes in support of this research. The
radiosonde provides a measure of pressure, temperature, relative humidity,
and wind velocity as a function of altitude. The relative humidity used
to calculate water vapor mixing ratio has stated accuracies of t5 per-
cent and 10 percent down to equivalent dewpoint temperatures of -10° C

and -40° C, respectively.
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Aerosol Measurements: Two balloons with particle scattering

instrument packages attached were iaunched April 17, 1970, by Dr. J. M.
Rosen of th; University of Wyoming. In the first package, referred to
as a particle sampler, individual light pulses produced by aerosols
pumped through a scattering chamber were detected by a phototube, pulse
height analyied, and counted in two channels: (1) aerésols larger than
0:25 p diameter, and (2) aerosols larger than O.4 n diamete;. The
second package, termed a dust photometer, measured the ratio of total
elastic scattering to molecular Rayleigh scattering by alternately
filtering and not filtering the atmospheric gas sample being pumped

through the scattering chamber.
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VI. DATA ANALYSTS AND EXPERIMENTAL RESULTS

General

A typical analog Raman return fr&m atmospheric nitrogen is shownas
the ?op trace in figure 13(a). The bottom trace inl3(a) is the integrated
output of the laser energy monitor. TIts peak is a relative measure. of
the laser energy at 3471.5 2. The meximum return signal from the
atmosphere occurs shortly after the laser pulse moves into the field of
view of the telescope. After crossover, the signal from the atmosphere

obeys the optical radar equation for Raman backscatter (eq. (69)).

VIA. Data Analysis

Each oscillogram of the analog signal is analyzed using a film
reader. Computer punch cards are obtained for each significant datum
point, are compiled and computer plotted in relative units as shown
in figure 14%. The oscillogram and computer plot are compared as a
check on film reading accuracy. The initial data are analyzed further
to provide a plot of normalized backscatter signal as a function of
altitude, as shown in figure 15. The square symbols in figure 15
represent linear interpolations of the data at 50 m intervals. The
72 dependence of the signal is removed by forming the quantity Z2V/E,
which is also computer plotted, and a typical example is given in
figure 16. - A number of signal profilés are used to obtain an average
return from the atmosphere.

An increase in bandwidth eand external gain of the receiver

electronics produced oscillograms of the Raman return signal which
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were used to count individual photon events. . A typiéal oscillogram of
the nitrogen signal teken for the purpose of photon counting is shown

in figure 13(b). Thg individﬁal pulses are counted in successive ’

k usec time windows which corresponds to an altitude resolution of

0.6 km. The;ﬁhoton count return signal from many (usuvally 50 or more)
laser probings are added together to obtain the final profile of back-
scatter from the atmosphere.

VIB. Early Experimental Results Using a Monochromator to Select
Spectral Bandpass

In August 1969, the initial Raman atmospheric backscatter experi-
ments were conducted using a dual monochromator. A spectrum of the
atmospheric backscatter was coméiled by firing the laser while the mono-
chromator was adjusted in 10 X increments. Over the épectral range
3400 ﬁ to 4000 X, four bands were observed; the elastically scattered
band at 371.5 &, the O-1 vibration-rotation bands of N, and Op at
3777 R ana 3669 X, respectively, and the v1 symmetric vibration line
of water vapor at 3976 X. The observation of Reman scattering by water
vapor in this series of experiments constituted the first remote
measurement of a minor atmospheric constituent using an optical radar
system and was reported in reference 1lk.

Iypical_Raman returns from the atmosphere are shown in figure 17,
which were obtained with the monochromator set at the wavelength
indicated. fhese profiles were measured over Hampton, Virginia, on the
night of August 11, 1969, under the following surface conditions:

temperature; 7l° F; relative humidity, 88 percent; barometric pressure,
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29.92 in. Hg; w:lnds,; less thén—' 5 knots from the northeast. To verify
the rejection' of stl:ay light by the monochromator, a number of measure-~
ments were made at the wavelengths 3570, 3875, 3922, and 4050 & for
which no Ramg.n backscatter 'by atmospheric constituents was expected.
Given in figure 17 (d) is an oscillogram obtained at 3875 X which is-
identical to the oscillograms obtained at the other three wavelengths.
This oscillogram is also identical with that obtained with the entrance
slit of the ﬁonochroma.tor closed and, in consequence, represents a
measure of the system noise. The ratio VHgO(Z)/VNQ(Z) for the two
oscillograms (17(a) end 17.(c)) is shown in figure 18, along with its
estimated rms error. Also shown in the figure is the water vepor mixing
ratio obtained from the Wallops Island, Virginia, radiosonde taken the
night of August 11, 1969. Wallops Island is located approximately

75 miles northeast of Hampton; however, in view of the wind direction
that preveiled at the time of the experiment, the radiosonde measure-
ments should “‘oe indicative of the moisture profile in the atmosphere
over the test slte. Because of the good agreement obtained, additional
experiments were planned using interference filters to increase the
optical effic;ienc:y of the receiver system.

VIC. Experimental Results Using Interference Filters as Spectral
Band Selectors

After the receiver system was modified to make use of interference
filters, the‘mo'bile van containing the optical redar equipment was moved
to Wallops Iéla.nd, Virginia. Thils relocation was made because of the

availability of extensive meteorological support at Wallops Island.
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A number of teéts were pefformed at Wallops Island during December

1969, February, April, and June 1970.

VICl. Exggple§ of Average Analog Backscatter From the Atmosphere

Shown in figure 19 are typical examples of the analog average
profiles for nitrogen and water vapor taken on the night of December 4,
1969. These average profiles for N2 and HEO were constructed from
seven and eighf oscillograms, respectively. The bars represent the lo
variation of the experimental data. The curves are the calculated signal
réturn from a "clear atmosphere” normalized individually to the experi-
mental data at the points indicated. Comparing the HoO data with the
calculated return for a constant mixing ratio of 1 gm/kg indicates that
the water vapor mixing ratio may not have béen constant with altitude as
aésumed in the calculations.

In February 1970, averege oxygen profiles were obtained. Sﬂown
in figure 20 are typical examples of the average profiles for N, Op,
and HoO compared with their respective calculated signals. The elastic
scattered return was observed during the April 1970 experiment and an
average profile is shown in figure 21 along with aversge profiles of
N2 and HEO. A.statistically significant aerosol layer is apparent on
the elastic scattered return at an altitude of 1 km.

The variations in atmospheric attenuation are clearly indicated
in figure 22, which is a normalized comperison of nitrogen profiles
made in February and June 1970. The attenuation in the lower atmosphere
in the June data was apparently higher and is indicated by the larger
slope of the profile below an altitude of 1 km. Above this altitude

the slopes of the two profiles are similar.
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Figure 19.- Typical examples of average analog profiles for nitrogen
and water vapor taken the night of December L, 1969. ‘The curves
are the calculated nitrogen and water vapor signal returns
normalized individually to the experimental data at the points
indicated. The water vapor calculations were performed for a
constant mixing ratio of 1 gm/kg.
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normallzed tg the experimental deata at the points indicated. Water
ve} r calculations are for a constant mixing ratio of 1 gm/kg-



— NITROGEN - AVERAGE OF
— . O 220SCILLOGRAMS, 6-11-70
o e NITROGEN - AVERAGE OF
| 8 OSCILLOGRAMS, 2-26-70
o
— 5
® & NORMALIZATION POINT
@
— U
— o
. L)
— o8,
— °
£ — e
5 %
] — © e
5 o ®
K
= OQ ~§‘.
&5 = o
@ — o
8 po—
- — (o o)
3 — 0{ o
[*3
E o
E — QQQ) (
3 o
2 oo
llJlllllllllllllllllllllllll
0 1 2 3

Altitude, Z, km

Figure 22.- Normalized comparison of nitrogen returns taken the
nights of December 4, 1969, and June 11, 1970.



87

VIC2. Examples of Photon Counting Backscatter From the Atmosphere

Shown in figure 23 are the return signai profiles using the
photon counting method for Np and HoO taken the night of April 16, 1970.
Each datum point represents the sum of photon counté in a 4 psec time
window over 50 laser firings. A number one neutral density filter with
a transmission =9 percent at 3777 R was used in front of the phototube
for the No return to keep the count rate measurable at low altitudes.
The horizontal bars indicate the 0.6 km altitude resolution and the
vertical bars indicate T the square root of the total counts for each -
datum point. The curve in this figure represents the calculated photon
count rate for Npo from the atmosphere normalized to the experimental data
at the point indicated. In comparing the shape of the N, and H,0 profiles,
it is apparent that the concentration of water vapor decreases in the
altitude range 1-2 km and is nearly constant from 2 to above 3 km.
Figure 24 shows the photon counting return taken the night of April 16,
1970, for nitrogen and for elastic backscatter. The nitrogen and
elastic scatter returns were reduced in intensity using a number 0.3 and
two number 1 neutral density filters, respectively. At low altitudes
the shape of the profile does not follow the calculated curve for nitro-
gen. This behavior is due to an inability to visually distinguish
individual photon events for the relatively high count rates obtained.
From the nitrogen return in figure 24, an indication of nitrogen Raman
backscatter is apparent to above an altitude of 10 km. The elastic
scattered return shows an indication of an aerosol layer centered at

5.8 km.
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Figure 23.- Nitrogen and water vepor profiles using photon counting
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photon coumt rate as a function of altitude for N, normalized to
the experimental data at the point indicated.
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normalized to the N, experimental data at the point indicated.



VIC3. Comparison of the Optical Radar Date With Indeperident
Meteorological Measurements

As was indicated in Chapter II (eq. (74)), the ratio of the water
vapor to nitrogen Ramen backscatter signaels is proportional to water
vapor mixing ratio. Optical radar measurements of this ratio have been
compared to independent radiosonde measurements of water vapor in the
atmosphere. Figure 25 shows the ratic of water vapor to nitrogen signals
taken the night of February 26, 1970, normelized to the water vapor
mixing ratio obtained from a radiosonde launched earlier the same evening.

Although these Raman datas generally agree with the independent
measurement of the radiosonde, there are some differences in shape of
the profiles below 1 kilometer. This low altitude disagreement mey be
due to changes in the atmosphere since there was a 3-hour difference
between the time of balloon launch and the initiation of the Raman
experiment. Another possible explanation is that the elastic scattered
band is not totally rejected by the interference filters. If rejection
is the cause of the disagreement, it would be most apparent in the lowest
layers of the atmosphere where the aerosol scattering is greatest. Also
shown in figure 25 is a temperature profile obtained by the same radio-
sonde and, for comparison purposes, the temperature profiles for an
adiabatic atmosphere. As was mentioned in Chapter IIT, stable regions of
the atmosphere tend to discourage mixing. Comparing the two temperature
profiles, it ié'apparent that a very stable layer was present that
evening. The Eémperature profile indicates that the base of this layer

is at an altitude of 0.8 km, and its presence has effectively prevented
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upward mixing, és can be éeen by the corresponding sharp decrease in
water vapor abofe this altitude. Above 1 km and throughout the stable
layer, the water vepor mixing ?atio is small and nearly constant. The
relative peak in the water vapor profile at 2.8 km may be a remnant of
the base of a pgevious stable layer, an indication of the top of the
adiabatic mixing layer described in Chapter II, or an indication of the
early stages of cloud formation.

Figure 26_is a plot of the ratio of oxygen to nitrogen return
signal obtained the night of February 26, 1970, as a function of altitude.
This ratio was.- expected to be nearly constant with altitude, since the
ratio of oxygen to nitrogen number densities is constant, and thus serves
as a preliminary check on the assumptions qARl(Z) = quz(Z) in
equations (T4) end (75). Above 0.5 km the ratio is approximately
constant, as expected. Below 0.5 km the departure from a constant value
may egain be explained on the basis of elastic scattering not totally
rejected by the interference filters.

Figure 27 shows another comparison of Reman ratio data with
radiosonde measurements. This experiment was conducted the night of
April 16, 1970. Again, there was a time difference between the balloon
launch and the Raman experiment. The balloon was launched gpproximately
4 hours prior to the imitiation of the experiment. Again, agreement
between the Raman data and the radiosonde measurement sbove 0.8 km is
very good. A ﬁqssible explanation for the disagreement below this
altitude would bé the same'as given previously in regard to figure 25.

The true temperéture profile in figure 27 indicates the existence of a
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stable layer extending from 1 km'to approximately 1.5 km above a thin
(100 m) slightly unstable layer. The sharp pesk in the water vapor
profile near the boundary between the stable and unstable layers may
have & simple explanation. Eddies mixing from below move into the
unstable layer and are quickly mixed to the top of this layer. .A
process of this type would create a minimum concentration below the
unstable layer, which is also evident in the water vapor profile.
During the April 16, 1970, experiment, two balloons with particle
sampling instrument packages, described in Chapter V, were launched by
Dr. J. M. Rosen of the University of Wyoming. Figure 28 shows a com-
rarison between the optical radar data and the results of the balloon-
borne dust photometer as a function of altitude. The opticsal radar
data are the ratio of the elastic backscattered return to the nitrogen
return, which may provide a preliminary indication of the mixing ratio
of aerosols in the lower astmosphere, as shéwn by equation (75). The
optical rader ratio profile is equated to 1 at an altitude of approxi-
mately 2 km. If the elastic backscattered return at this altitude is
predominantly due to Rayleigh molecular scattering values of the ratioc
greater than 1 must be assumed to be due to aerosols. The agreement
between the two independent measurements is evident. The peak in the
apparent aerosol concentration within the unstable layer is also
apparent. In general, the altitude profiles of the water vapor mixing

ratio and the aerosocl scattering ratio in figures 27 and 28 are similar.
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VII. CONCLUSIONS

This research has demonstrated conclusively that the Raman optical
radar technique may be used to obtain quantitative measurements of the profiles
of individusl atmospheric molecular trace constituents, in particular
water vepor, as well as those of the mejor constituents, No end Oo.

A concise treatment of Reyleigh and Raman scattering by molecules
has resulted in an approximete value for backscatter cross sections of
nitrogen and oxygen. These éalculations have included rotational fine
structure and its effect on the effective cross section in an optical
radar experiment. Using these cross sections, the optical radar signal

return from Raman backscatter in the atmosphere has been calculated for

. the first time.

|~

In general, the experimental results show good agreement with
independent meteorological measurements. Using a dual monochrometer,
optical radar data was obtained from altitudes above 1 km which agree
well with radiosonde measurements of relative humidity. Using inter-
ference filters to select Raman bands:

(1) water vapor mixing ratio profiles were measured which agreed
with radiosonde measurements to an altitude of 3.3 km.

(2) Some disagreement between Raman optical radar profiles and
radiosonde results was evident below an altitude of 1 km. A possible
explanation of this disagreement is that the filters Are not totally

rejecting the relatively intense aerosol scattering at low altitudes.

97



(3) An indication of_Ramﬁn backscatter from molecular nitrogen
has been observed for altituées above 10 km.

(%) An indication of gérosol mixing ratio to an altitude above
3 kﬁ has been obtained that agreed well with independent measurements
by a balloon-borne dust photometer.

(5) Changes in the slope of the nitrogen return signals obtained
in February and June 1970 indicate the ability of this technique to
‘monitor variations in atmospheric attenuation.

(6) Reman optical radar measurements of water vapor and
serosol profiles agree with a qualitative treatment of turbulent
mixing in the lower atmosphere.

The analysis of the Raman optical radar technigue presented has
indicated the.potential of the method to remotely measure other
molecular species in the atmosphere, such as pollutants, and to observe
on & local basis turbulent diffusion, pollution dissipation, and cloud
formation in the earth's lower atmosphere. In addition, the possibility
exlsts of using this technique to distinguish between cloud formations
consisting of water droplets or ice crystals.

A naturel extension of this research program would be the
-installation of a Raman optiéal radar system in an aircraft to measure
high altitudé'molecﬁlar profiles of water vapor and other trace
constituents;)and, as the technique is developed, experiments can be
performed féﬁﬁ a space platform to moritor upper atmospheric-constituents

on & global basis.



APPENDIX A

TRANSFORMATION OF THE POLARIZABILITY AND DIFFERENTIAL POLARIZABILITY
TENSORS FROM A RANDOMLY ORIENTED MOLECULAR COORDINATE SYSTEM

TO A LABORATORY COORDINATE SYSTEM

The matrix for the transformation of a vector in the laboratory

coordinate system (x3j) to a molecular coordinate system (x;) is:

cos(xy,%])  cos(xy,x}) cos(xl,xé)
T = cos(xe,xi) cos(x,,x3) cos(xe,xé) (a-1)

cos(xB,xi) cos(x3,xé) cos(xj,xé)

where (xi,xi) indicates the angle between the coordinate axis x4 and

xi. The transformation of polarizability tensor is then:

el
%Q,= El' (“pv)T]Q,z

= Z a,u,vcos(p,,z)cos(v,ﬂ) (A-2)

HyV.

The Y metrix can be diagonallzed. Denoting the principal values as

aq with 1 =1, 2, or 3, equation (A-2) becomes:

%5 = }: oy cos(i,Z)cos(1,q) (a-3)
T .

The average of the square of equation (A-3) can be written as:
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‘<|°‘nz|2>‘>: a.ia.d<cos,(:L,Z)cos(':!.,ﬂ)cos(,j,z)cos(,j,n)> (A-k)
LS RS

Simplification of equation (A—h) involves using well-known values for the

average of products of cosine functions(33) such as:
<cosu9> <3
5
2 2 1
6 o =
<cos 1 cos ;_>> 15

and

8

. 1
: <cos 91 cos 62 cos 05 cos Gh_> =-%5

Using these values for the cosine function averages, equation (A-l) can

be written as:

450 + bp? 3p2 3p2
Jog, s> | 37 useP + P 3p2 (A-5)
3p2 382 45a? + 42
where
a = -]i( + + og)
3 0 T Op T Ox
and

8% 5le - )+ (g - a5)® # (9 - 45)7]

and in a similar fashion:
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450,12 + Lpr2 3p'2 3p'2
v 12 =1 12 45,12 4 4p'2 33'2 (A_6)
<'°“m:| > 15 3 - P
%_-.—-’ 3[3'2 3[3-2 45412 + 4pt2
where
' = E( LA d:' + ')
@ 3 % 2 03
and

1% = 3(a] - @)? + (2 - )2 + (o1 - 03)7]



APFENDIX B
DERIVATION OF RAYLEIGH AND RAMAN VIBRATIONAL CROSS SECTIONS

FOR ALL POLARIZATIONS AS A FUNCTION OF

SCATTERING ANGLE

Assume in the laboratory coordinate system that the incident
light is moving in the positive y direction polarized in the x

direction, Case I and the 2z direction, Case II as shown below:

Z Z
Incident Scattered Incident Scattered
Light Light Light 0 Light
y y
x Scattered x Scattered
Light Light
CASE 1 CASE I1

CASE I
If the Rayleigh scattered light 1ls observed along the x
direction (90° scattering) the cross sections for the two polarizations

will be:

} L
g-g(x,z,wo)s = clzr,r<|0‘xz| 2> (B-1)
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and
4
%(x,.y,wo)z, - % oy 2> (B-2)

where the subscript s refers to the scattered component polarized
perpendlcular to the scattering plane and thé subseript P refers to
the scattered component polarized parallel to the scattering plane.
The scatterling plane is that plane which contains both the incident.
and scattered rays. The two components of the Raylelgh scatter

cross section along the y axis (forward scattering) can be written

in a similar manner as:

4
Bz = g ol > (5-3)
C
and
a s >
aEﬁz’i(x,x,mo)lp - <‘|am| > (B-k)

c

at any other angle 6 eguatlions (B-1), (B-2), (B-3) and (B-4) can be

combined to yield
)N
a %o 2
O I L (8-5)
c

and



.
%ax"”o)p = % <|°xy|2> sin°6, + <|°‘xx|2> cosee] (B=5)

where 6, is the scattering angle for incident light polarized in the
x direction. r

Substituting the appropriate values of < |°’nz|2> from equation (35)

equation (B«5) and (B-6) become:

L
and
"’g 2,1 2 2 3 q2
%ex’wo)s = ;—EEO. + 5 B=)cos ex+1-5 B] (B-8)

In similar fashion, the cross sectlons for the vibrational Raman effect

are:
3 12
b 5P
Boxre)p = o = (3
9P = 9)
dn: X>7'p :Hanwd L - o my/kT
and
12 1 1.2 3 12
—( 0, ,w = - (B-10)
an x’ 8 c)-" alKDJ 1 - e-’n‘DJ/KT
for
AV = +1 and o = (w, -wj)
CASE IT

The Rayleigh cross sections for Case II which correspond to

equations (B=7) and (B-8) can be shown to be:
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L
dg( a CL"o( 2, b o
ez,wo)p = ch' o~ + !i5 B ) . (B-ll)
and
w@ 3
( - 2
ez’wo)s = 4(45 B ) (B-12)

where 6, is the scattering angle for incident light polarized in the

2 direction and the Raman vibration cross sections for Case ITI are:

12 4 1 2
A aﬁ gl ! E§ "
2] = — -
dz( z:w)p . anwj "h“’j/ﬁ (B 15)
1l -e
and
)+ % Ble
do _w u .
aﬁ(ez,w)s g 5oen, = (B-1k)
for

AV =+ 1 and o= (w, - “ﬁ)

By taking the average of the sum of equations (B-7), (B-8), (B-11), and
(B-12), the well-known equation for Rayleigh scattering by unpolarized

incident light is obtained, (cf. van de Hulst)(Bu)

o
de _ _g (1 + cos?0) |2>
“Xoa) = 5 <la

with B small.

B
|



" APPENDIX C
REDUCTION OF THE PURE ROTATIONAL RAMAN CROSS SECTION EQUATION

The pure rotational Raman cross section from equation (49) is:

( ) =B J(J+1)he/KT
Y g-(2J + 1)e
.%(n,z,m,.r) = 0—’5 J

J

X Z a.i<4f:'cos(i,z)cos(i,n)| \lrr,> (49)
i

Let g} be the nuclear degeneracy for J even and g'} that for J odd.

Then the denominator in equation (49) becomes:

oo

Z gJ(2J + 1l)e

J=0 : J=0

-B_J(J+1)he/KT - -B (432427 )he /KT
o(+)0/ =g}z\(1h]'+l)e c

+ g] (c-1)

J=0

=z -B, (WI%+67+2)he /KT
Z (4T + 3)e

Since the increment in J 1is small compared to the range, equation (c-1)

may be written

©0

E gr(23 + 1)e

J=0

. e -Bo(bg2+27) e /KT
= g5 f (W7 + 1)e aJg

o

~BoJ(J#1)he /KT

oo -Bo(l#J24-6J+2)hc/kT
+ g:]'.‘/ (4T + 3)e ag
(o]
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+ -
87%T  _mne/uxr, E&g%T  omnc/ukT
2Bhe 2Bhe

KT , + , =
= + c-2)
EEEE(gJ EJ) ( )

assuming KT << Bhe. Substituting equation (8-2) into equation (49)

glves:
& g Bohe g(27 + 1)eoI(THIne/kT
—=(,%,0,J) = T X7 T =
an c gy + &5

x) ay <¥ffeos(t,E)cos(10)| ¥y > (c-3)
i .



APPENDIX D
SAMPLE CALCULATION OF ONE TERM IN THE ROTATIONAL RAMAN CROSS SECTION

From equation (51) the matrix elements to be calculated are:

gl | }: 0y 4 M0,9) |cos(1Z)cos(10)] Y Tr(,00>  (D-1)

The transformation matrix given in equation (A-1) can be rewritten in

terms of Euler angles (cf. Goldstein):

cosycosP=- cos OsinPsin ¥ =-sinYcos® - cos 6sin pcos ¥ sin 6 sin
T=|cos¥ysingp+ cosOcos@psiny ~sinysin ¢+ cos 8cospcos¥y =-sin Ocos o
sin 6 sin V¥ sin 6 cos V¥ 208 ©

(D-2)

Using this transformation matrix the Q =L =3 term of equation (D-1)

becomes:
m 2 2 4,0
(a3’3_)JmJ'm' = <Y 5(8,9)| sin®0 sin 1Y 70 (0,0) >
+ <G (6,0)] stn®e coslo|y 21(8,0) >

+ as<Y%(0,0)] cos?e|Y T1(0,0) > (2-3)

Only the third term on the right side of equation (D-3) will be

examined. This term can be written
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@3y 3(0,9) |cos?0] y ?1(e,¢)>

. i -
= 2J+) (J=-m)! *mn 2 +‘(Jl_mjl '
<\’—1&n’ —_(:J-!-m):! Py (cosd)e cos Gl \/; (Tt )l J'(cos 8)e >

(D-1)

A well-known recursion relation for Assoclated Legendre polynomials is:

cos 9 P?(cos 9) =(2J+l)-l[(J +m)P (cos 6) +(J -m +1) J'+]_(COS e)]

(D-5)
multiplying by cos 8 results in:
5. .M J+m (J-m+1)
cos<8 PJ(cos 8) = 23T °°° 8 P?_l(cos 0)+ T °°° P J+1(COS 9)
(0-6)

Combining equations (D-5) and (D-6) and collecting terms:

2 e _ (g + m)(3 - m) (0 -m+1)(T+m+1)lgm . o
cos“9 PIJn( os 9) [(EJ T (2 1) + (2d + 1)(27 + 3) :]Pm( 8)

(J-m+l)(J-m+2)Pm o
T i@ e
" (T +m)(J +m - 1) PJ 2(cos 9) (D-7)

(a7 + 1)(27 - 1)

Wwhen equation (D-T7) is substituted into equation (D-4), the selection
rules AJ =0, 32, 4m = 0 are apparent from the orthogonality of

the y ?'s.
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APPENDIX E

A LISTING OF THE ROTATIONAL RAMAN FINE STRUCTURE BACKSCATTER CROSS

SECTIONS OF Ny ARD O,

Tables E1 through E8 list the normalized backscatter cross sections
for the rotational fine structure of Rayleigh scattering and v =0 -1

vibrational Raman scattering.

Tables E9 through E16 list the calculated backscatter cross sections
for the rotational fine structure of Reylelgh scattering and v =0-1
vibrational Raman scettering.

The notation in these tables such as 1.481E+27 is to be interpreted

as 1.481 x 1027 and 9.12379E-31 as 9.12379 X 107%,
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TABLE El.- NORMALIZED BACKSCATTER CROSS SECTIONS FOR PURE ROTATIONAL RAMAN

FINE STRUCTURE OF Os.

Relative
cross section Normalized

J AT = +2 cross section

0 1. h81F+27 1. 216E 0?
1 0. 0.

—2 _3,Gu7E+27  _4.53741E-0?

3 0. 0.
b 5,2590E+27 _6,5L275E=02
5 0. . _ O
.. 6 _6,174E+27 7.68133FE-02
1 8. Bo . _

_ 8 B.35tE+27 7.90928E-02

9 0. SR
10 5.915E+27  7.35873E-u2
Al o ou. LU _
12 5,048L+27  6.28020F-L2
_li_ U b .
14 3.986L+27 _ L.959%35F=02

5 U, O,

16 2.929E+27 _ 3.GU3F7E=02.
A7 .G, 0.

18 2.009E+27 _ _ 2.4Y986E-02
19 C.._ R U e
20 1.791E+27 _ 1.6G576L=07
21 0. U, e
.22 . 7.777E+26 0 9.G7523FE-C3
23 0. e 0 _
24 W uD2F+7T JTRIBESE
.25 Oe _."

76 T7.3L31 +7 7,01077F=0%
27 W ) T on,

78 1I7UFSI0 I WRAPRF .U
PR, R

T30 T 8,83Gr475 0 Han3uE =t
31 0w, U,

? 2.U031+75 53,0601 7E=0
55 6. T "-u ;
3L T 0331+ 95 L2BLTLF =0l
35 v, n
36T T hLoRpregt 5, 0DRDU2E-0S
37 6. T, T
IR 1.52L1+7L 1.89507F =44
REL I S L PSR
b 5.3R7E+73  G.07738F
&Y 0, S
42 3. 7?5!+13 _?2.7220080F=0R
53 N, i
4 5,002V +7?2 £, 96971F-(7
héﬁ_“_“ e G, S
b6 YL ECLF377 | 7. 0RREPF=0T
b7 0. b e
bS b, 0520+2) 5.7870GE-0"
uq h. 0

50 £2310471

1,53101F-08

~0R T

AT = +2

.Running sum of

normalized
cross section

LBOTBLE+2T
1 LEO75LE+27

T 5,127990E+27

5,7177990F+27

TTI. 0387151428

1,035715E+28

. 1.656152E+28,
. 1.6561521:+28
7. 791911L+2h
C2.297911F+28
2.885341RE+ 24

2. 85341 GE+28

3.3RRVZBE+2E

3,3882287+2¢8

3. TSGLLEE+28
e D IBLEDBE 20

L, 079751E+28

4h.079751F+28
L 26009LE+78

#q28069h5&2§
LUGQ7CTES2E
hLU7ﬁ7r+2c
[l( 753
hr7k3£F+7b
LEIVEERF49R

h ﬂ?15§r.+73

L RHhU:ﬂL+7§
LRRLUSTE 478

!.Err7?si+7a"

O o I E S U
L R729021 +9F
UL, 5792900V +70
bW K7L725V 478
BobH7h72gy 49,
L,S7R758 +90
LoB7RTNsI+90
L oB70TI6G6 +98
U, 5701007 +2¢
U,57651%+2&

CBLS70RICI 4

L.ETERT721P49¢

L5703727 428
L.STRIC0E+25
BLB7C300F 4928
L, STC30FE+27

L. 576507F 497
L,576307F+9

TLLSTR3UBF+9Y

L. RTEROEF+2T

L ETRZGLF 428

7\,v(‘-")
L7256E-01"

3.
T3, L7323E-01
EN

47393E-01
5.47462E-01
T3 LT7539F- 01
3.47RD1E-01
3.47671E-01
3.4770F-01
3. 47R810F=-01
3,478791-01
z 47949 -01

.L8019E-0]
3 4L80BRE~01
3,481587 =01
3.48228E-01
3,08297F~-01
5.UR307F-01
3.08437F-01
3.0E507F<01

- 5.L48571E-C1

LA STESOEE 428

3 U8CL72F=-07.

=N h87]FF -C1

3. 007867207
? usaqrr 01
LLEaPRT NI

'z meaaFEapT

LCRFE =01
:ftu1i1¥-01
Fonairii-]
3,L00777 =01
3, h0Ru7E=-01
2, L3n17F=-01
vohubgTr -1l
AL LURREE N
3L LOR2AFS0]
4L, hOnRN6T=0]
3, L7 00E=07
3,0 R397 -4
T, EUQNE=(:]
3,k00gnr-n1
3,50NRNF =01
3,50121E=-01
3,801 C1F-0]
A.,50272F=-N1
3.503372F=~(1
3.50L03E=-NT
3.50u70F=-N)
3,508 LhF=-0]
3,8N615F=01
3.50620GF-01
3.5075Tr-01



TABLE EL.-

(Cont'a)

Relative Running sum of
cross section Normmalized normalized

J T AT w42 cross section cross section A, (1)
0, 0. —Th.576398F+28__ 3.508727F=01
) 3,076FE+20 _ 3.82690E-09 L, 57R39RF+28 _3,5N898E=01
53 0, 0. 4,576398F+2R  3,50969F-01
St  7,2R5E+19 9,03877E-10 b,5763Q8E+28 3,51040E=-01
.55 "0, T, T 4,570398E+28 3,51111F-01
56 1.672F+19  2.01747F-10 4,576398F+78 ~ 3,51181F=0J
57 0, 6. - L,57h398F+28 3,61757F-n1
8 3.,u21E+18 4,25579E-11J 4,576398F+28  3,51323F=01
89 0, O, T UL 57R39RF+728 0 3,51394F-01
60 6.821F+17 8.u48520E~-12 . 57A395F+28  3,51LB5E-01
61 0. n__ U. " 4.,576398E+28  3.5153GE-01
62  1.285E+17 1, 59913F =12 " 4,576398F+28  3,51608F=ul
63 ©0. 0, T WL,B7R3G5EE+28 §.51679F nl
b4y 2.790F+16 7,8LRY0F-13  4,576398E+28  3.51750E-01
65 0., o, T T TTY,576398F+28  3,51821F-01
66 3,857E+15  b,79805E-ik _ 4,57(398E+28 _3,51892E-01
67 0._ __ U, L .576398E+28 3.5196G3E=-01
68 6.,Au1E+1L _ 7,639F0F-15 _4,570308F+28 _ 3,52035E-0]
B9 . T 6. Th,5T0398E+28  3.5210FF-0)
J0 . 9,244F+13 . 1.15005F=15 L:570398F+28 . 3,523770-01
71 6. . .. 0. . k,57Rf398F+2%  3,522u0F-01
T2 1.31FF+1 1, 65““” 16 __ b,576395F+28 L. 34,52320F-01_
A3 Qe ._ _ .U, L ,57R308E+28 3.52391F-01
T4 1, T71F+17 0 2,20206F-17 L,576G398F+78  3.52LR3rF=01
57, . . B.570398F+28 3,52534F=0]
I6_ 2,253E+11 7.80345F-18 . L,570398F+28  3,5260FF=0)
77 _0._ . _ G,  4,5763G8F+28  3,52677F~0)
TE 2,712 +10  3,37354F-19 L,.576308F+28  3.52749F-01
29 0. _ TTu. T T T W5 IR3GRT+98 3,52820F-01
T80 3.08ME+C9 5,8388RE-20 L,S5TR39EF+2&  3,52699F-01
8y 0. ., _ L,S7R3A8F+28 3. 829RLF=0]
82 3.371ir+08 h,1310GE-21 h.575398E+2P 3,530357=01
83 6. . o, 7 LG76398F+28  3,53107F-01
8L 3, 379E+0¢7 B, 20L07F=22 __u 576398E+2K _ 3,53179F=-07
€5 0. 0. _ K,576398E+28 3.53750E-01
86 3.252E+U6 L.ou6lur-23 L,S57R3598F+28  3,53372F-01
87 0. 0. L,576G398E+26 3,53394F~01
88 2,96UL+U5  3,6R287L=-24 L 5T6398F+28  3.53460F-01
89 u, T .  4.57G3Y8F+28  3,53538F-01
JU T 2.5u8K4Uh  3.17040K-25 ,_u 576398F+24 _3,53610F-01
91 6. U, _ JSTG308E+28 3. 53689F-01
92 T2.075L+u3 z BR128E=2HK u 57G398F+74 3.53754F-01
93 u. L,57Hh398E+24 3.5382€6E~01
96 1,5u5EAL? 1 qa77u| -27 4, 576398F+28  3,53808F=01
95 o. 0, e L.576398E+28  3.53070E-01
86 1,1040401  1.4L774E=28 . L,57R398F+28  3,5LGH2E-(]
97 0. 0, L,5TG398E+28 3,5L11LF-01
98 §,U7E-U1  Y.9733EF-30 L.57E303F+286  3,5u1607-01
99 0, . u, . U.57R390F 428 3,5L25R[ =07
Q0. . 5.,2:40-02.  G.49557F-31 L,57R3G8F+2E  3.543300-N1
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TABLE E2.- NORMALIZED BACKSCATTER CROSS-SECTIONS FOR PURE ROTATIONAL RAMAN

FINE STRUCTURE OF 05-

[

Relative
J eross section Normalized
AT = =2 cross section
___%_< 1, u7uE+77 -“1‘17163ﬁ:gg“
n.
H 3 BIOE4277 WL AN22CE-07
5 0. G, ST
F L,558F4+27 5.609930-172
7 0, "n
§ 5.07%E%27 7 L3V8IUE-U2
5 . C

CAh T WJUCSE+Z7

CETrgsvesuz

Running sum of

normalized
cross section

B R Y UTIALY
Y UZ2UCUGEF2T

L 78%0654LE+27

“ﬁ”7$56$uF+z7

3,3172280+27

.__':,. J1JZZUI +i7
1. 5‘)Ul&ur+4b

T 0390 EE+2L

I JJ%bObt+z&

M = -2.

1)(“)

3.47060E-01
3499 TESDL
"3.L4AS06E-01.
3. bksaEsgL,

3.067C

_3 h6700K-ul

EBsIReuL
5 LG502E-01
3 LRLY3E-0d

h6b2u=-0l

5 4B555¢-ul

5. 8628FE~G1

3. L5217E-01

3. 46145600

3.400739E-01

3.4001bE-0]

3059400 ~01

3.45,73E-01

.30 L}S(FOI,E-UI

3.45735:E~01
.00 01T =01
3.45508E-01

3 4582901
3 MSRINE=01
ISP R
3,633 F<(,1

3, 45984 en]

LN AN S |

~0y

TTILESTITEENT T

BN

NYAF«{]
3L LLYLGTS0]
S LI PEeiT
THVRLALATEG L
3ER775c-01
.

LL767T=01T "

ILELG3TE=0T
Lus7nE<n:
s ubLENI I,
3.44N34F20]
3L L3 EAE -lll

11 o, N 1.935508E+26
F S I L LR A N Y Ty F ey o A IO 5 E LY PV
13‘ b e e oo _7__‘._.273978E+2L
(b 3.552F+27 L. B1O2GE-02 2.72u1GY9E+28
15 C.. U, 2.7291995+245
16 L 2.663E+27 _44.Jl?JlF-'2 2 U454 T9E+26
_17 [ L 2.9U0875FE+2y
Aé m.l.q51£&27 ZJi.lel-uz _.i,1811&2E+2§
B ¢ S O _L., . 3.J8L1228+24
20 1 7ﬂﬂ[+17 a5 h?u“-n7 3.3023022426
,2]"-_(,u__. o b e _ 35024917 +27,
22 7.s7§E+/F 9. 17HM5--D3 3.3750020424
Z3 N, G. _}.375&32EiZL
2t LR S S Iy A T PR I St AR R
L b o . 5 Llati7ay +"
_°r B _,"_,_7_(_\__(:[__4»7!_ 2.819581F=013 3. hhll737 +7
27 r, T T T 3,uur777 +7y
2% T LEFLATT T RohRAR-(3 LR Rr ey
HyT T LT T ‘—“*ﬁj‘ - - i,hké1f§”47‘
30 E.GLAL+75 TIRNTT=0T TLRYRTITETR
TRYTTUWL T T (“ T z ER7C3LF+90)
AN A 2 R L L T TIEATYIT VT T
5 o, TTTrmen” o ? L2y +«x"
"3{"‘1 L03NF+25 ~ ].?L1ﬂ/>-‘h TTTUURTLRATT IR 5
LD n, T - SVULNIINEF+ET
3F n ﬂﬂhF+?h 5,1"hF¥t-u§ ITULRISIZIVE Y
;ﬁj" N R LI Y 1Y - I S
58 1_§3u5+7u A9TIRIF<D5 T TRURBIRK 28 T3,
o, N, T T “'un1nr7r+7f
sy DL WBRE423 GO TROITF=0F 5, BR1I7215+28
L3 0. G, T TRULRTTIIT A2k
b2 1.827F423  2.26678E-06 3, LG1730F+25
A3 b, 0. 3. UR1739F+28

7, ]qu?1F4L7‘L;

, pn17L51+7a

3, LL2Y7F~01

3, u4729E=4]

3 LL1RIF-01

f 3, 44N93F~07

-~ 3.44U25E~01

3,83957F-01

us 0N, 0.

_kfn__;L.ZJJﬂiizz_“__Z*_,JL)hF Y
L7 0, 0,

LR b B23C+21 G.00050F =08
JL_"MJ.,____A 0, . —
S0 1. ?R?F+21 1. qu1R|-06
51 f.

. 3.L3REYELQ]

ﬂnl]u7r+7a _

i;_;BG1Z£Ilt2&

URITLEF 428

;gLonﬁ}lﬁ-ﬂg

3. M01I7LEE+28
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s i ; ' TABLE E2.- (Cont'd)
1 M
. ) .
Relative Ru.nning sun of
J cross section ‘' Normalized normalized
AT = =2 cross section ‘cross uction A (1)
53 - -0, C. - T, umnmrws 3 L3BEOE=01
B T,RLIEeTO T 9,5056F-10 3, BE17LEF+2a  3.43hEIE-0]
55 0, O, T T TR VERITERRA O T 3, 430 3E 00
5¢ 1.713F+19  2,13173F-10 FTLRTTUEE+PE 5. u3RUBE-0L
_57 a, 0. 3.LGLTLS7+28 3.43778F=Ul
BA T O3URE0E4IR_ TLURINEIESTYT TR UOLILEF 428 3, 4321D0-0]
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TABLE E3.- NORMALIZED BACKSCATTER CROSS SECTIONS FOR PURE ROTATIONAL RAMAN

FINE STRUCTURE OF No. A& = +2
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cross section Normalized normalized
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TABLE Ek4.- NORMALIZED BACKSCATTER CROSS SECTIONS FOR PURE ROTATIONAL RAMAN

FINE STRUCTURE OF No. AJ = -2
Relative . ) Running sum of

i J cross section Normalized normalized

. AT = -2 cross section cross section A, (p)
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Relative Running sum of
J croes section Normalized normalized
AT = -2 cross section: cross section A, {(n)
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RETT TVRWOF=05 7. 34040030 3.3030R1E 498 3,3BKP0T =01

a0 ¢, AORF=1iR T 2B FEF =35 T AU ILRTIT AT 3L 3RTILE =0T

91 T 5 BTLE-DT 7. ?(F)UI;ZF" BTLUALBLEIE00 2. 5ER3BE-01
B I T A A Y I A T ot f o T3 L,3L3LEIF+20 3.5388uLL4E~Q1
83T TTIUT00F-08 2128570 -377 7 TU3LU3L3LEIE42R 3. 38L53E-U]

W LLERESTO T T ORTASF=3R 0 TR AL3LEIE+2N T3, 38301K-01

6% L, 500F=10 5. 74UNTE-3G 3.303051E+24  3.389A49F-U1

86 1. u70r=30_ 3. 837341 -39 3.3R3LEIF+7E 3 3RTTRE-01
07 1LAS2F-10 1. A3989E-00 3. 3L348]F+0R 3.38080E=~01
8B 3. Ru?F-17 W, u%727F=4)  _ 3,3M3uRIE47E  3.37995k-01
99 2 R70F=13%_  3,33795E~4?  3,343LELE+?DN 3.37004E=-0D1
100, 7.900F=14_ 9,8702E=k3_ 3,343481K+28 __ 3.37812£-01

101 9. 130F~15 1.16230GE=hY 3.3430815428 3.37721E=01

302

1,631E-15

2. 03839E-BY

S 3.3U3L810428

3,37630E~01

ns



TABLE E5.- NORMALIZED BACKSCATTER CROSS SECTIONS FOR ROTATIONAL FINE STRUCTURE

1
ON THE v = O - 1 RAMAN VIBRATIONAL TRANSITION OF Oos.
Relative Running sum of
cross section Normalized normelized
J AT = +2 cross section cross section Ao (n)
0 _1,18FE+27  1.RMIB7E-D2 _  1,185477FE+27 3.67070F =01
] 0. 0. ___J.185977F+27  3,671LAF~Q1
2 2,921E+427 = 4,535R9E=02 L, 1GEA79F+27 3. 67227E-01.
3 O 0. T B,106979F+77  3,.R7798F=01
b 4, 2120+27 T 6.54601F=07 R”31£7701+27 73,673713E=-01
S T RJBIRTTION+?7 | 3L GTHUTF-Q1
6 L,9b5E+27 " 7.G7795E-02_ 1,370339F+2% 3, A7521F=0]
7 0. O o 1.320339F4+26 3 ,R7595F=01
_ 8 _5,091F+27 7.90577F-02_ 1.835L7UF+28 3, RIGRIE=-01
I I U, li, . T.R35L7LF+25 | 3,67742F=-01
1n L,737E+27 7.355568F=02 2.300175++28 3. RTR1LF-0]
o0, o, _ 7.309175F+78 3,R7RRIF-01
172 4.,0B3E+27 (. 27777E-02 C7.713LG3F 4928 3,07954F-07
REN 0 . 7.7134G3F+20 3, AAN3NE=N]
T L193E477 1,9576RE=0172 3.0327%8F+24 3.AR101F=-01
15 _n. 0, 3.030730F+28 3,.6R172F=-01
A6 2,3L6E+27 3,60 2RAF=07 30207328 F428 3, 68QUPF =01
1777 70, _a. _ 3.0673786+428 3 .68312E~0L
14 1.6T06+77 ?.48961F=-07 3,L7R291F+28 3,683R81F-01
18 0, L. 3.0282910426  3,68L50E-01
20 ) ,03LF+27 1,E0505F=07 3.531690F+28 3.68519M~-01
21 u u, 3.531096F+28 3.68587F-01
22 B.231L+26G6 0 9.67577F=03 . 3.5QLUNEF+2& 5 ,R8RK5F =01
23 n 0, 3.50L008F+24 3,68723F-01
24 3,527F+2( 5, U772GF=03% 3.67297F2F+28 3,6L70UGF=0]
25 a. B U. 3.62978?2V+724 3.6086CF=-01
26 18781 +76 7.9158LE-(% 3 GLN0HUT+28 3, 60023F-01
27 0. U. BLUERANC O 428 3L AGORRE-N]
28 9,MUOE+ZI5 1,LB105F-03 SLRSTULOE+2) 3. BONSLT =01
29 0, _ u. 3.05746YT +2¢ 3,0 9219F-01
30 b, ullf+25 G.8Y5561 =04 7.bl|‘|UF+?: 3.6910%3E-07
31 G. L. 3.COTCI0E+28 3.692080 ~01
32 1.975L+25  3.06710E-UL 3. GL5L550+28 5.69311L-vl
33 J. G, 3.G05Lb50+2L 3.023750-01
3b g, 28BE+2L  1,28B3uF-04 ILAOLTI3E428 3, LO43RE=N1
35 0. v, TLOOLTLEN 424 5.0U500E=01
36 3,277L+20b 5. 08841F-0U5 3.6050011+28 3.h95021 =01
37 0. u, 3.OR5GUTE+28 3.60620E-01
38 1.223F+70 1.80926E-05 ZORG51L3E+08 3.0908581 =01
3y a. G ILG05105E+28 3, ROTLEE=0]
by 4,309E423  ©,09106F-00 30682070428 3,69807E=-01
Ly 0. i, 3.OR5207E+28 3,698077 =01
42 1.U33F+23 2.2253LF-0R 3.AL5271E4+2y 3.60027E-0]
L3 . R A.665221K4+26 3.60008GF=-A1
by L, 501t+72 (.a885LF=(7 AL BG5225F+78 3.700455-01
L5 . u, 3.665225F+2R 3,70103F=-01
46 1.3556+22 2.07274E-07 3 GRRZ2TE+?8 3, 76161F=01
W7 c. L 5,665227E+2F 2,7072155-01
ha 3, 7401 +21 5,80G85F=08 5.FE5227F+2% 3,7027GFE=-01
Lg 0. 0. I GR5P275+08 3,70333F-m
50 9.8Y7E+<0  1.53GECE-08 5,665227F+2¢ 3,70389F=01

AT =

+2
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TABLE E5.- (Cont'd)

Relative Running sum of
. croas section Normalized normalized
J , OF = 42 cross section cross section A (u)
51 0, Q. . 3.6652727E+28 _3.70LLSE-01.
52 2,475E+20 3,84311F-09 _ _ 3,665227E+28 _ 3.70501E-01
%3 0. _ .. ... Oe_____ __.._ . _ _3,665227F+28 _3,70556E~01
.54 5,848E+19 _ 9.08095FE-10 _ _ 3.6B65227E+28 3.70610FE-01
55 0. ... _ 6. . _3.665227E+28 = 3,70665F-01
_56_ 1.306E+19  2.02780E-10 _ _ 3.665227E+28  3,70719E-0]
57 0. 0, ) 3,605727FE+28 3,70772F-01
_58__2,75CGE+18 _ 4,27957E-11  3,605227F+2% 3,70825F=01
59 0. 0. 3.665027E+28 3,70878F-01
60 5.L498E+17  8,53G76E~12 3.6652276+2% 3.70930E-01
61 0, 0. 5.665227r+28 3.709R2E-017
627771, 037E417  1,60967E-12 3.G665227E+28 5,71033F=01
63 0. T ' ) 3.665277E+28 3,.710845=01
.64 1.8L8E+1R 2,8RFR917F-13 3.665727E+28 3.7)134E-01
L1 P N 3.6652277+28  3,7118LE-01
66 3.1I4E+15 L.u34E1E- -14 3.665227E+2§ 3.71234F=01
67 0. 0, : . 3.0505227FE+28  3,7)1283C-01
68 b,9G0E+IN  7.702L7F-1% 3.6C5227E+28 3,713372E-01
69 0. . bse.  3.bC5227E+28 3.71381F-01
70 7.4720+13%  1.16019E-15  3,6652270+2&  3,71L28F-01
1T, T u_ _ L 3.,6C5227FE+28  3,7147CE-01
72 T1,0GLE+13 65234~ 3.065227E+2¢8 5.71523F=01
73 6. u._ B . 3.G052278+28  3,715706-01
~I4 . 1.L33E+12 2 22512E=17 3.F65227E+2¢ 3.71G16EF~-01
75 0. 3L NM5277049¢ 2,71672F-0]
T6 7 T1,825F+11 7 83340LF~ 3,AGR227F+28 3,.71707F-m
LR Lo 3,6R5927E+47x 3,71752F=-0)
78 7. 3‘17b+ln 3 UTIR7F=1¢C A, 0522714928 3,717070 =01
79 U, o, A, TCR227F+928 2, 7180IF=0]
80 25021 +0u0 5. HFEHF -9 1) 3 ILS227F 408 3, 71805 -]
81 o, [ 3,A052271498 3,71928F=-01
T&7 2. R9R+08 | W,183751-21 3LRI52277 428 3,71071F=(:7
83 N, b, 5.0052271 4978 3,79013F=01
8L 2, TLLE+(T b, 207 HE=22 L0027 408 TL,7%20556F=(1
85 o, ) z,. COBLGRLS2927F4728 3, 72007F=01
B N Y N T WS I YA IRV 3,062 97E+08 3.,721%0F=01
87 v, ' u. 5,R05277F+78 3,721 790 =01
.M_KX..-. ZLBu7E+GE B T3R0UE-DU ALKV 478 3,72219F-01
89" o, N U TLRRE227H 40y 3.727508-n1
y LA W AN A (1
TR ERAMANES IR AR H 0 E1 S P F
TI77TTALRIUERUS ZURZ4A)0F =20 3L RGH227E+28 3723761 -0]
83 0. 0, 3.RR5227F+98 3.72L14F=0)
9k 1.3p2E+02 2.07735F=27 3L EER22TF+8 3,72059T =01
as n u N 3,.0057227F+928 3,72LR0F=N]
96 LUl 400 TR EF =24 5 BG5S 22TE+98 3, 7752RF=01
b7 n S u S LI 5727F 428 3, 725F31 N1
957 R, sunBF-u1 L010h1F=24 3.lnq?77F+):, 72500F=n]
Q9 n, n 3 ER5227FE4? T2 3LF -]
_'00 h,7CUE=-02 ﬁ.(i?i’.f‘-hf-’-}] 3.6 r-‘?77r+?} F.7726FQF «13]
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PABLE E6.- NORMALIZED BACKSCATTER CROSS SECTIONS FOR ROTATIONAL FINE STRUCTURE

ON THE v = 0 — 1 RAMAN VIBRATIONAL TRANSITION OF Os. O = =2
'
Relative Running sum of
J cross section Normalized normalized
AT = =2 cross section cross section A, (1)
2 1,181F+27 0 1.77196E-02 JTRGEATF+27 7 3, 0FA3YF=(]
3 v, 7 n i JBOEORY 27T 3 GLTRTV =0
TS URETET T TBIR e T ,.cn‘.n(q. #27 7 3UBUEE3ER0L
5 0. TRy T T T TR G0n0aLE+?7 0 3L RRRGLE=01
G 3,R520427  B.R7DI1r-n? 7.45490500427 3,605 25F=0]
7 1 o, 7 UBUO5AE+27 3.E0LLBE=G)
ER NS 1 2 AR A & X T YU e T 2 S L L) ST F A R AR T A THER )
90, T . S, IB20T78¢ 474 v.(iyxht-ul
10 3,979r+27  TUI7RREr=027 T TSRS AT 3 UGS LET=0T
31 o, T fu, N o NUBSOLA5F 47k 5.nn1?>;-u1
i? 3.81680427 5. L57RGE-U2 1.9023%00F 28 3.6 ub3r=0]
130, o, N R RV ETREEVE: 5. 659(2F=01
Th __ 2, RUBF+27 L. 4?233F-02 2. 1071u(.+,h__ 3.0LRAYF=GL
15 0, U, L 2.127100F+2 3.065797F=-01
i€ . 2. ]?5_&4-2] .3, "41"1771--(19 B 2.404 h7GF+g' A,.05710Le~01
17 0. ., L 2.L00607FE+25 3,65031F=01
A8 1,u30F+27 7.313068F=02 __  2.5LOG32p+25__ 3.0655L7r-01.
19 n S PO L L2.549336E428 3.65463E-U1
20 LJOLE+2F __ 1.500u2F=02_ C2.CLRLT7BE+28 3. 65379E-01
21 e.. oLl ce L 2,BLRETRE+28 3.A529Li-01
22 5.919E+26 . _ 9.19037E-03 2.7058057+28 3.65204E-01
23 n, I (S . . 2.7058G5F+2§ 3,6512LE=01
.2k ,_hJiﬁﬁL12£_~.h4?H =03 . 9,73S727F#28__ 3,R5G3HF-U1
25 G, —— L _ 2,739727F+9¢2 3L.6L051E-01
F 1, 870F+2¢ L.R 2593F-03 C2,75792C0F+28 3,6L605iT=-01
27 T . Je 2.75720i 2, 3. LUTTRE=01
7€ 9.19KE+25 _1.4283CF-G3 2. 7G7]°uu+2$ 3.04050L-01
29 0. u. 2.767L2u7 42 3 hE6L20-01
3n L 3TLE+25 (L 79LL2E=50 2.77]59ur+28 5.64514i-01
3 u _ T ZUTTISLLEYZET 3. 8LLZGES0]
59 1 qr1r+25 C3.,044070-ub 2.7750010L+28 LOUA37e-ul
33 . :;u;_f 2.775u0:1+428 3.0h247 -ul
3y C.260E+204  1.2857LE-0k 2.774209E+428 7 3. 0b4L50E-ul
35 oy, . ol T ' jL.77uLusL+25 5, ul0CgE-ul
3C 3,297E+21h 5,119LGE=-G5 2.77L018E+28 3.059770=ul
-3 2N R U TEUITLLIBERERT 3.5 8E0E~T1
38 1.238F+2L4 1,9227u£4u5 2.77u7u;§fba“' 3.63795E-01
39 0, . G. 2.77u742E+28  3.6357ube=01
4O, 4,388E+23  06,a8l13750-06 . 2.7747:GE+28 3,63012L-01
N R I | P 2,774 75GE+28  3.03519:5-01
Jh2 0 1L BE8E+23 _2,27900F-0C. _ 2. 774011428 _ 3,63h27¢-01
43 G. 0. C2.77h6010+28 3.653341E-01
Ly 4, 63LE+72 7.196156-07 2.774805E+2% 3.63240L~
45 G. . .. Ouw . . ... ..2.71480S5E+28 3.63147E-0u1
L€ 1.382E+22 2 14558E=07. .. 2.77h8075+28 3.63052E-01
47 O, 2.774807E+28 3.62958E-01
h&_.“5;§31E121“__6 OBIGGE=08 . _ 2, 774807E+25 ___ 3.526R3E=01
uQ v, oG, 2,77L807E+28 3.6276G8E~-
50 J.035F+21  1,ROBIGE-0S 2.774807F+25.  3,62R72E=-U1
50 Qe o0 0. _2.77h807E+28  3.62576F-01
52 . "2.600E+20 _L4.03788F=09 . 2,774807E+28 . _ 3,62h80E-01




TABLE E6.- (Cont'd)

Relative » Running sum of
J crogs section Normalized . normalized
AT = -2 cross section ‘eross section A, (1)
53 ». LT T TR TN E0TE28 3 R Z3E%E-01
1 .l7lu+1‘1...._.&,.Eﬂ_ﬁ.S_S.E-_J._Q_... L. .2.776B07E+28 0 3,062280E=01
55 S ¢ P 2.7748L7E+28 3.62189LE=-01
5F 1 385_!31»,.19,__,__2_.,]_50":71'-.-1_0 2. 77UEGTF+78 3.62091kE-01
57 ¢, R P S 2. ITLLGTE+2ZR 3.G1993E-01
58 2,93FE418  _4,55930F-11 2. 774567E+28%  3.615G4c-ul
L B 1 ( PO 2.7768075+28  3.61795k-01
GO 5,883F+17  9,13533F=12  2,774857E+28 3.61596E-01
,,,,, o N T D N N L TR A 3.615970~01
€207 TLVIIME4)7 T CLL,7306ME-12 0 2.7788070+2¢ 3.6LLGTE-UL
63 6., V. _ 2.7 TusyTE+ZE 3.61535?72‘{1
G 1.,995E+16__ 3.08717 F-_]_'S _ 2.77660T7E+75 3.061258E-61.
65 0. Qe z TTus07E+28 ~3.61195:-01
66 3,375E+15 __5.2L118F-14 2.77L807r+2§ 3.610705E-01
BT Qe O T 2, 77hB0O7E+28 3.6u492E-07
G8 _5,400E+1h 8 3ELOGE~-15 2.77LGC7E+28  3.50890L-01
€9 _C. S 7711_9_7__b_+21_.._ 3.60787:=01
0. . 6,167E+13 _ _:L,zc) (23E=15 . 2.774807E+28 | 3.GU6EsE-01
S 5 S P ____._0___ . 2.774uG7C+24 3.6US81E-01
712 1.163 Ftlj_w14813ﬁ2f., 16 C2.17h807E+28 3.004788E-01
13 G 2 TTREGTE+28. 3.6U3TLE=0]
i 1J7*)L+l2__L 45223E=17_  2.770827C+25 _ 3,6U270E-01
75 Qa O, 2. 1TUE0TEX2L  3.,60165E-C1
.76 2.010E+11_ _}435155.-18,__ 247748076 +25 . 3,600€Q05-0)
Aty SO | P . 2,768 07F420 3,59755F=-01
LA hg1F+10 70(l7uF 16) B 7. 77!1F'17F+z}" 3,595 00k =01
7e_ 6, o T f‘ 27 CTE+28 3,59763F~0]
PO 2, 700NF4NO_ U, 33301F=20_  2,770407F+2%  3,89637F-(01
1 o 0, ___?__7‘711.%ll7l~+?.‘: 3,515311=0]
LB2 . 3,037F+08 4 FON3)R=2] 7.77LGC7E+98 3 590724F-01
83 0, 0. 2.770E67F+28 T3 56310 =01
_ R4 FNRWESRT L, TRG0BF=77 T D TTURRTE+TS 5,502007 =0
AR, N Y A LT L v ¥ 56101 -01
_URR 2, UB%E40F T L, B3G3IE=73 T 2.774E07F 400 3, 58902F =11
87 n, 0, TTUTTTITUITI IR OTES IR 3 BRESLE -
R8 7 I7TE+UE u ?33(1Il--2h 7 I 7ERNVIT+72" " T3 US®IISF=01"
e A, - TTTTUTTTLTTLs0TEA2R T T ULEARRE -]
T 1 S R P ﬁrlun|-_'-'75"' T2UTTEROTI#2E T3USBRAGE=0T
81 T, T, T T Ty Y TMED TR +2L T B3UBRLLAT 00
92 _ 1,979E+n3  ?,90L73E-26 2,77L807:+78  3.58335F-01
[ n, 0, T TTuURGT7E+7RT T 3,589264F-07
9L 31,u92F+07 _ 7,31G6RE=-27 7, '_113.07I+?R T 3UGBIIZE-U1
B T 0, 2.77hB807E+2R ~ T3,58002E-01
8F_. J;n 2E+01 _1.69502F-28 2,774407F+2R _3,57890E<01
97 _._._..__(_'J_v___u - . .2.774R0O7F+28  3,5777bE-01
.98 7 LASUF=N1 _ 1,17302F=29 _ _ 7,77u807F+28 __3.51R66E=N1
a9 0. n 2.77L807E+28 3 ,57553F=01
oo h JOUSF=02 .7_._678251-*1 e RalTLBOTF428 | _3L5TWLOF-01
115 W O 2,7748BO7F+28_. _3,57327E-01.
A0z . ! mvr -03 L, 75331E=32 _ ___ 2.774807F+28 __3,57213E-01_
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TABLE ET.- NORMALIZED BACKSCATTER CROSS SECTIONS FOR ROTATIONAL FINE STRUCTURE

v

I&

ON THE v = O — 1 RAMAN VIBRATIONAL TRANSITION OF No. AOJ = +2
1]
Relative : Running sum of
cross section Normalized normalized
J AT = 42 cross section cross section A ()
0 9.79GE+26.__1,71574F=02 _ __9,795945F+26. _3.778R0E=01
1 5;53r£+2o __1.51296F-02. 1.843412E+27 . 3,77803E-01

2

3.638E+27

372E%27
l_ﬁﬁﬂﬁtZlm__
2e291E%2T
B RWATELA L A

1.502F+27 °

3.,u51E+27
1.603E+27
2.89GkE+27
1. 273C+27

_? 1615+

lljk+zﬂ

l.okyg7E+27
5,920 +24
q 2331 +2(
3.,5100+20
5.23uE+20
1.9008+20
2 f241+20

S.5ULF+2s

"1 3005420

L, 550E+25
5.703E+25
1.631F+25
2.3L20+45

1.095E 40

R.50G2r+24
2.5532L+24
2.9351r+24
8.335E+23
9,279E+23
2 531E+23
2.707E+23
7.095k+22Z
7.288E4+22
1.855k+22

LT 2le22
h.385+21
B,1IGIE+21
9, 679L+2¢
.82490E+20
1.970+206

.15\ l.+.L1

3 09756E-02

£.37150E-02
G.OB503E~N2
2.80811E-07
5.071L4E=02
2.22900E~u2
3. 81931F-02
1.59605L-02
2.C0L551 =62
1.0370¢E=-02
~.musr-.;z

L15871¢=03
Q.17FJ]F-“3

5.3 L05F=03

L, 770441=0G3
1.66534f -63
72.27GRUE-03
7.61889E~04
Y,95793E-0k
3.,20615F=-04
Lo03200t=0l
1.2L72LF -0l
1.49969E-08

3497E-05
S.1ILC750 =05
J.459881-C5
1,62521L-05
L, ,u3312E=00
4, 7LeRSE =06
1.24237E-06
1.27€54E~00
5.21841E-07
3.173L0E=-u7
7.060581=-0Uk
7.2885LK=08
1.69525F-08
154631000
3.457210-00Y
3.0314E-0Y
G.51562i =10
S h4U25GE-10
1.735008=10
G 16907E-31
V.R27727-113

YLU2E35T =11

b, 15875F-02 .
2.53R98F=02 . .
B TBEDLE~02.

N AN N vl \.N

L,215555E+27
.5 .AAR1ROF+27
£,9563250+27

1.6724G7E+28

1. 43C2L4RF+78
3,155326-67

I.016507F+28
1.

1.9F15L0F+78
2.121808E+28

2.4110L21F+2¢
2.5380850+268
2.,750747F+28
2.8L78731+2¢8
2,99€0579E+2°8
3.0558
3. 1hn17;h+2‘
5,18 3330F +28
3,2357290+2¢8
L25LE22V 428
J282050F+28

3QL5G5F+28
L308915F+7¢8
S31LETREA2G
3.310L409F 426
3.3107511+2¢
503TGAG0L +2F
3.3203100+2¢
3.32G5700 +78
3.320LR(.30+28
3.37000n(F+28
3,3210391 +28
35.35210051+78
5.3210970L+2%
3,%210499F+28
3., 3?"][/[1\ +78
3,%21308F+28
2.321070R+28
3,3727011006428
3,321113i+2%
3.37111% 0420
3.372071101+28
5.3211115+28
JE2131370 420
LA2NILAL+Z2E
W3217115+28
3711111+ 2%
.J21111r+ﬂ
J323311r+920
3,11!1'4“

‘J ;I v Uu ul Ul vx

LOF+28

2 29156711+28

3.78105F=01_.
3.78217F=01

3.78328F-07

3,78L30F=01"
 3.78550F=01_
3 7R8659F - ﬂ1
3.787FYE=-11
3,7887G5F=01
3.7898RE=-01
53.70094E-01
3.79202E-0"1
3.79509E-01
L79415E=-01
. 719521E-0]
V79627601
.7973?L—01
JTAR3T7E~01
L790L1E~01
LB800L5E-0]
LB0JUEF=-N]
ABN7251E-01
.003538E-01
L0585 =-01
LO06SMF=01
LANCEETE-DL
LA0T7576-01
L80857F =01
L8095(0F =01
LE1058F =01
L6183 =01
LET251F-01
LE1BhRF-01
LA1h5E =01
L8158 -0
LBIGEATE=-0T
L317320-01
LE16278 -0l
L0149220-010
L5261 5E-01
LE?1LOE-0]
L8220 2E=01
o228k -41
3.82308G0=-11
LB287T7F =01
..“25(‘6‘- ()1
$,82Ck8E-u1
5.,027LEF-1
Z.R2837F -0
3 P?“ "E=-01

.Lrl

AN LT N D N N N N W W S N N N N AN N TN AN TN T W UHUJ

N

WA
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Relative
cross section
J A = 42

TABLE E7.- (Cont'd)

Normalized
cross section

221 1,55LE+17

52  1.16LE+17.
53 9, 130F41G
By 1.541E41E
55 9,723E+15

56 1,887F+15
57 3,200E+1h
9.137E+1h
58 3 LO1E+13
60 7.238F+13
Rl 3.517FE+12

67 T 2.16BE+12

. 1;h+1n’"
S 2.2531 409,
8 1,23GE+uY

B9 IUGRLSE+NR T

To O B, 775E+07 .
71 .J T35F+07
g 5 7ﬁsf+Uﬂ‘
13 1.373E+05
i 3.502E405
75 b, 1493E+0b
76 1.970E+0k.
17 2.200F+03
I8 1.,075F+u3
79 1,13GE+G2.
80  h.93GE+L]
81 5,2GlE+uli
82 _2.29LE+UU
83 2.250L-

8h
"85 £.051E-(3
_86 3. h(k[-hj B
7 3. 267L u
B8 T l.224E-ul
89 1 L117E=-u5

g0~ - W 0U2F-06
91 3518 -UT
92 1,711(-07
93 l.OZHL-Un
ah L304E-09
95 ? 759F =106
_95 8“Lunh -11

7 ThRLRRIT-19

8 PL.T12E-12
Ub,__xnsggs 13
00  4,693FE-1k

Y. U/SP_O)“N

2L, I207F-17. .

LA N3ALRE=127
54 7"(-‘17['.‘1%
72.6995LE-13
L,76923F=14
3,30507F=11

_5.G1535F=15
3_7u7ysr 15

C0.11523F-16
3 91978F-16

JAR012F-17
3 L 19768F=17
R.7L030F~18
3. hUiZ]h.‘S
b, oLR5UE -

7. 87)35[¢1q

5.9u077F~2u
7. 1h§18F ~20
) 91?3@? )1
) 1 EKﬁR F=21
,l.: RhQF-“7
§ QUUBGF 2?7 .
1 25R27F=73
C0,33412F-20
7.5uL14F~25
BJLu9R0F-25
3.97300F=2¢

. 1.79519F=2¢

1.98897F-27
9.21L78F-29
3.65325E~29
3.95G6L5E=-30

1,.5893¢0F<30

1.56779E-31
6.067HLF=32
5,7578LF-33
2. 14374E=33
1.95714E =34
7 01077F=35
J15726F- 5n
2 12181E~-
1,7929yﬁ-37
5.904]198-38
b, 83242E=30
1.5413Gi -39
1.20857E-140
3,6995LF=-11
2.78390E-12

C 8,21923E-43

Running sum of

normalized

cross section

3.32L111F%78
TT3321111F478
C5.321117F+28

3.321111F+28
3,371111V+28
J.3?1111|+28

L 3.32111)E+28

3.371111E+28
3. 3?1111F+7R
3.321111T7+2

U3, 3?1111r+7s

3.321111F+28

0 3.3211313F+28

3.3231111+25

3.371111F+28
C3,321111F+08

TX1851311 428"

3.%21111F+28

3,321111F408

3.327111F+2%
3.321111 1428
3 3211117428

S 3.3711131+28

5,3211)11F+72¢8
5.3211111 4728
3.3211111+28

3211110 +2¢8

3,3211110498

3.32111011+20
3,321111t4+28
3.3211711++28
3,321111F42¢
3.3211117F+78
5.37231211+2¢8
3.321111E+2¢
3,321111E+2¢

).3211115+7s
3,321111F+7¢

C3.32112310+22

7\)(M)

3L B30ILE=0L
. 3.83102F-01

3.83190F=~01
3,.8327RF=01

. 3,R33R3%7=01

3.83408F-01
3.835347-0]
3,83R1IPF~-N1
3.R3703F~-01
F.837R€(F-01
3.R3AAFAF =01
3.83652F-0]
3.8L034F=-01
3.84116F=-01
3,8L197E-01
3 8h27?F-nT

8h7R8F-n1
3 th?7r-n1
3 ﬁhETFF—Hl
BB595F-01
3.8&673F-H]

3.84750F-01
3. 8L827F=01

3.88Q0LF-01
3.R8LAROF~01
3.850550~-01
3.85130F-01

S 3.8520uF -1

3.85276F=01
3.85351F-01
3.85L241=0)
3,85L46E-0]
3,855R8F -1
3.85030E-01
5.857106-G1
3,857R800-01
3L E5LLUF -i]
3,8591F7-01
3,860878-01
3,80055F =01

"3 RC129F =01

3.8R180E=0]
3,RE256F =01
3.8€321E6=-01
3.863837E=-01

3. 86452F-01

3.6651GF-01
3.86579E-01
3.8RGL3E-01
3,86705E~01

12k
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TABLE E8.- NORMALIZED BACKSCATTER CROSS SECTIONS FOR ROTATIONAL FINE STRUCTURE

Lol ol ]
N D

1.0081+27

1.913t+27
Ei1I1ResC
1.341F+27
S.hulte20
L.50BEC T
ENILIRY

l SO5E+21

N -CINY

. 0,120E4+25
o 1.255%+2L
bk 2260425
.- 5.573E+25
1.799E+2%
2.2750L+25
o T.043E+2N
b .. S.545F+ 2L

yi (3r+?3
7 77MF+?3

7.5300+22
1.903F+22
1.88FE+27
L 5R2E+21
B3R UE+?]

1.019E+21
9,32LL+20

2.092E+2¢
1.841E+20
3.,970E+149
3.357E+19
L0148
5.060E+16
1.128E41%
L &.820E+17
1.690E+17

1.2715+17

Iy

L.32330FE~07
3.35000E=u2
1.42,55E-02
2.3579ukK =12
}.h0k2hi-03

Su7ut=02

_s 727u,r-ugn___

u.nllF\7 Hi=03

_3 161705E=-C3

WO4396E-03
1.6507341--03
2.19503E=-03
~ 2 b01521=ul.
9.7CU23E-0Y4

3.15067F=-014

3.984137-04
1.233684E-04

. 1. u9B870L-04
29, __2.539E+24 4, BLFILE-05
. ..~5.17897E=05
- 1.47730F =05

. 3.651R82F=05

1. 52679F-0(

T4, R5R08E-0F
7.299k+22

1. 278th 06
l 3187 RE-UE
3. $3)uhh'U7
.souuuk 07
LU2513E-0¢8
,Ly33bk-ub
.78&15F-La_
Lu3315E-08
3. bGQOSl-GJ
3,22382E-09
£.95253E~10
5.88043FE-10

Z
1

L1 21016E=20

2.91337E~11]
1.87593E-11

1.5k401E-11 |

2.96963L5-12

2.22554E-12

'1 G79067E+24

1-\ 703720 +20
1.9510780+25
2.g0553l|+m
2.135567E+2
2. ZZHG£3L+Ln
2.2573%20Li+7

4.>oru5uh+zu
2.,52L515L425
?.350“ GE+2h
2.,35957495+24
2.372129L+24

2. 37L555L+25.
2.3L1027E+28

7.38372€1L+20b
2.306001E+20
2.3607050+2¢%
75\.\ r+/n
T TLILF+28
\\

P ol

PR =gl ol

o

3LLE+Z
o3LOL+74
)5)35 [.":Zl‘.
18350420
N636UE+20
348361E+20
2.508301L+20
2.%68301L+20

\.NUA\N\.N\N_N.\J.NJLN\N\N

2 =z

2
2
2
?
2
2
L
2
2.
2
2
2.

T 5BE3tIE24

2.3L8301E+2¢%
2.308301E+24
2.35883061F+24&

 2.3383GlE+2&
24388301E+24

2.5885361E+26
2.3863C1CE+24

L 2.3683C01E+7¢8
. 2.388301K+2¢8

2.388361C+2¢8

ON THE v = O -» 1 RAMAN VIBRATIONAL TRANSITION OF No. AJ = -2
Relative Running sum of
J crogs section  Normallzed normalized
AT = -2 cross section cross section A, (1)
2. L Y.280F4+206 1.G25LLr=02.__ . 9.280430+20 3.77539E=-01
3 7..89hE+20 . 1.382000~02 . . 1.717433E+27 S3.774256-G1
Lk 2.091E+27  3,GL237E-02 . . 3.80RLELU+27 . 3.77310FE~51
5 _1,233F+27 .?.lFﬂFEF-H] . CR.OBINRCE427 3,77)0uF=-01
f 2.099F+27 L727578-12 7.780200F+27 3, 77478E~01
7 1.3943F+27 ? hRﬂﬁh.—ﬂ? 9, 139u3uE+77 3.76962E=01
CO L 2.1T6E+27 L, E0239F =07 CLLLATSAEF4ZE T 3.7GMLEE~0]
c. 1.372¢5427 2. %277W|-02' 1 SOV TOr G 3.767287 <01
! 2,51F+27 b.?J)hll-uQ RO VEE TR R 3.760107=G1

3.70452F-vul
3.,76373E~01
3.7025h -yl
5.7015b0e-0l
53.70uibe-ul
3.75084E~01

3.757755-uL

3.75051E-ul
3.75534L1=01
3.75407=01
3,7528L1.-01
3.751€C1d-ul
3.750381L~-ul
3.78914E=-01
3., 74769E-C1
A.TURELL~01
3.74530E-0G1L
3,740 13E-00
3.7L2E6E-0]
3.741000L-ul
3.74U33E=-01
32,73905E-01
3.73777c-u1
3.73GH8E~01
3.7352UE-01
3.73340F-01
3.7533CUE=~ul
3.73135UE=01
3.730060L=-0l
3.7728Coe~-01
3.72737i=ul
3.720u50~ul
3.72473E~vl
5.7234ui=-04L
3.72207E=-01
3.72073E=-01
3.71039E~-ul
5.71505E-vul
3.,71670E-vl
3.715830C-

3,713¢4E-01
3.71263E-01



TABLE E8.- (Cont'a)
Running sum of

J cross section Normn.l:lzed

cross section

pormalized
cross section

K,(u)

b, 10124E=13

Relative

AT = =2
B% 9.3 u9F+1h
nih_m.l BA3E+16 . .
.55, . 2.999r+15.

S 2.088E+15 .

3.553F+10

5% 7.375F+14

3.892F+13

GO 2,502[+13

Rl 3LOuuFe1

£27 7 2. u3AF+17

63 3,696F+11
Ak 2,1987+11
B8 L3.205F+10
JBE_ L 1,8330+10
67 .7,

3.G5153F-1U
AL 227260F-15

T BL,15956F-15

— hH,810865F=-16
L,38235F-1F
w_gn7lnF 17

. 770R0FE=17

W LT376F 18
a 8LAGYE-IR

BUR1287F-19 7

3.21029E-10

CEVR0145F-20 T
2. L7RGUF=70

£a "_],qn7v;nahﬂ
70 ,00UF+08

2.96450E-135.__ .
--5.25327E-14 __.

TRRNTITT T
1.TRTRAE-21

/

?
2.

2.3883F1E+28 . _3,7112FE<01
_.2.3883G1E+28 . 3,70989F=-01
2.30836YE+2! 3.708582L-01

3 7n71hr-01
. %,70570F=01
] 3, 7nh%7r 01
3.?&29b5f01
3,70159F=01
3.70019F-01

3 RAETARs 41,
3.6?732¥zg}

.3ﬁé1c1F+7x_

L3RR3ICTIF 407
,}8?%"1F+?8"w“
L3BBIRIFA2LT

332'461r+?

3883618424

2.38A30IF+28

2 LU3RKRAGIT+ 3,h409807F~01
TOURARIGIE4YL T 3. B49L56F =]
B.38836TF+28 0 3.b6udlur-01

DLUBERASGIESDE T RULTIE~G]

FLARRSGIF+0y 3,.69029E-0G1
T VARSRGIFRYS T I B UBERE~UT

2.

FER3GTE428 77 3, pa7b2b-00

Af?llf:TfiThE+hif; 2 703RLF-92 T T 7.3883R1F+28 3, 655987-01

7?7 G.KBRF+0AR  1,1G747F=-22 2.38R3AR1F+2R 3, hEU5LE- 01
73 8,319E+05 _1.,45705F-?3  2,3883G1lE+25  3.6u310k

74 L, 073E+05 7.13398F-24 2.384361F+24 3. 68165t_g;

15 L, BONF+0L ___8,.BCLLEYE-25 _ . 2,388361E+2& __ 3,68019E-01

16 ___2.303E+0b _ B.03377E-25_._ _ _2.388361E+286 .. 3.67873E-01

72 __2.6R0E+(0% L4, RS838F-26__ . .2.3883G1E+28 . 3.67727E-01

__78 __1,205F+03 __2.11056F=-2L___ __2,388361E+28 _ 3.67580E-01

79 1.339F+N2 __ 2.34LLRTE-27 . .2.388361E+28. . 3.61534E=-01

80 __ 5.835F+01 1.02190E=-27  _2,%88361E+28 _ 3.67286E=-01

81 __ _6£,235F+00___1.09210E-28._ . _2.388361E+28 .3.67138C~-01

82 2.614FE+00 . _4.57889E-2S . 2.3Q8361lE+28 . 3.66980E~01

__ 83 2.0688FE-01. _4.70745FE~-30 _ . 2.3883G1E+2&§ . 3.60842E-Q1

&b 1.084F-01 . _1.89R872E-30 __ 2,388301E+28  3,6G6693E-01

85 _1.072E-02 ___1.87788E-31. 2,388361R+28 3.60540LE-0]1

CE L,1600-03 7.28GG5E~32 2, .388361E+285 _ 3.6039LE-01

_€.93300L-33 2.30830G1E+28  3.GC24LE-0L

.5 03E"‘33 ? 3}.(,3(:112'*2}) 3 fﬁl)ng D]

L36895F-3% 2.358361F+25°  3,R59L3E-01

L507431~35 5.3683p1F+28  3.B5791E-01

LUG170k-36" 2.388301E+26 3.650Lul-01

L58R35E-3¢6 2.388361L+28 3.65LE8E-01

TTWFKFF:37 T 3SR 3GIE 2R T O3URG33RES0T

JCE-38° ~ T2.365833G1E+23 3.65183E-0T

079E-39" 2.388%01E+28 3.65030E-01

976E-39 "7 T2.348301E%28  36LRATTE-UL

7@3_&0'"”"2 338361E+25 3.6L723E-01

18FE-41 2;}§3§§j§;78_;!;;EhSﬁQt"Dl

f 6GE-42 2,358361E+28  3.6LLIGLE-O1

0 i 2345F-42  "2,3883G1E+28  3.64259E-01

101 h 2L1E- 15 __Zsﬂ_ﬁﬁﬁE-“B ——_.2,388361E+28 _ §L§&194é"91

102 1.208E-15. 2.11545E<4L4 _  2.388361E+28__ _3,.63948E-01




127

TABLE E9.- DIFFERENTIAL BACKSCATTER CROSS SECTIONS FOR PURE ROTATIONAL RAMAN

FINE STRUCTURE OF Op. AJ = +2

Normalized ;
cross section gg(m)_l_ d_(p(m)“
J A () AT = +2 an an
0 3.47254E~-01 1.84216€E-02 9.48712E-31. 1.89742E-30
l 3.47323E‘01 Cn 0- C.
2 3.47393E-01 4,53741E-C2 2.33617E-30 4.67353E-30
3 3‘ 47462E‘01 G. Q. 0.
& 3.47532E-01 €.542715E-02 3.3695¢E-3C €.73S5C4E-30
5 3.4T7601€-01 c. 0. 0.
6 3 47671E-01 T.68133E-02 3.9558GE-30 7.91177E-30
7 3.477140E-01 C. C. O.
8 3.47810E-01 7.90928E-02 4,07328E-20 8.14656E-30
9 3.478719€-01 . Q. Ce
10 3.47949E~01 T7.35873E-02 3.78974E-30 7.57949E-30
11 3.48019€~01 C. 0. 0.
12 3.48088€-01 6.28020E~02 3,2343CE-30 6.46E€61E-30
13 3.48158E-01 a. C. 0.
l4a 3.48228E-01 4,95935E-02 2.554C7E-30 5.10814E-30
15 3.48257e~01 C. 0. 0.
16 3.48367E-01 3.6436TE-02 1.87€4SE-30 3.75298E-30
18 3.485C7€-01 2.49986E-02 1.28742E-30 2.57486E-30
19 3.48577e-01 0. O. G.
20 3.48647€-01 1.60576E-C2 B8.26568E-31 1.65394E-30
21 3- 48716E"01 Co Q. 0-
22 3.48786E-01 9.67523E~-03 4.98274E-31 G.9654GE-31
23 3.48BE56E~01 0. 0. 0.
24 3.48926E-01 S5.47615E-03 2,82022E-31 5,€4044E-31
25 3."8996E"01 C. O. R 0-
26 3.49066E-01 2.91477E-C3 1.50111E-31 3.00221k-31
27 3.49137€-01 C. C. Ge.
28 3.49207E-01 1.460256-03 7.52C27E-32 1.50405E-31
29 3.49277E-01 O. O. Ce.
30 3.49347E-01 €.B9039E-04 3.5485°%E-32 7.C9710&-32
32 3.49487€-01 3.06412E-04 1.57802zE-22 3.15604E~-32
33 3,49558£-01 0. 0. c.
34 3.49628E-01 1.28474E-C4 6.6164CE-23 1.32328E-32
35 30 ‘9698E‘01 0- . 0- 0-
36 3.49769E-01 5.08092E-05 2.61667E-33 5.23334E-33
37 3.49€39E~01 0. a. c.
38 3449909E-01 1.895S7E-C5 9.7642%5E-24 1.95285E-33
39 3.4G980E-01 Q. 0. 0.
40 3.50050€E-Q1 6.67738E-06 3.43885€E-34 6.87770E-34
41 3.50121E-01 0. C. C.
42 3.50191e-01 2,220C9E-C6 1.14334E-34 2.28669E-34
43 3.50262E-01 0. 0. Ce.
44 3.50332E£-01 €.96971E-07 3.5894CE-35 7.178B0E-35
45 3.50403E-01 Ce. Q. O.
46 3.50474E~01 2.06642E-C7 1.06421E-35 2.12842E-35
47 3.50544E-01 O. C. C.
48 3.50615£-01 S.787C0E~C8 2.98030E-36 5.96061E-36
49 3.50686E-01 C. G. C. '
50 3.50756E-01  1.53101E-08 7.8847GE-37 1.57654E-36



7‘.v(M)

73.5C827€-01

3.50898E~-01
3.50969E-01
3,51040€-01
3.51111€E-01
3.51181€-01
3.51252€e-C1
3.51323¢-01
3.51394€-01
3.51465E-01
3.,51536E-01
3.516C€8E-01
3.51679€~01
3.51750E-01
3.51821E-01
3.51892€-01
3,51963E-01
3,52035E-01
3,52106E-01
3.,52177€-01
3,.52249€-01
3.52320€-01
3.52391€E-01
3.,%52463£-01
3,52534£-01
3.52606€-01
3.,%52677E~01
3.52749E-01
3.52820€-01
3.52892E-01
3.52964€~-01
3,53035e~01
3.531C7E-~01
3,53179E~01

«£3250€-01
3.53322€-01
3.53394£-01
3.53466E-01

«£3538€-01
3.53610€-01
3.53682E~01
3.53754€-01
3.53826€~01

«£3898E-01
3.£3970E~-01
3.%4042E-01
3.54114E-01
3,54186E-01
3.54258E-01

3.54330€-01 .

TABLE E9.- (Cont'd)

Normalized
cross section
AT = 42

g:ezeqoe-cq
2:038775-10
2:011415-10
2:255795—11
2:435205—12
?:599135-12
c.

2.84890E~-13
2:79805E-14
3:63960E-15
2:150055—15
2:636918-16
g:zozéae—17
2:80345E-18
g:31354£—19
2:83888E—20
2:131065-21
2:204075-22
2:06614E—23
g:682e1&-24
g:l7040E-25
g:selzee—zs
?:987145—27
?:467745-28
2:973386—30
2:498575«31

g(wh. %(‘D)u

c. o 0.

1.97C85E-37 3.94171E-37
2:654976—38 2:309945—38
?:c39oce—3e 2:079005-38
g:;91135-39 2:383466—39
2:369GEE-40 g:7397ée—4o
2:235545—41 ?:64711E—40
0. C.

lo4671€E-41
o.
2.4T709SE-42
0.
2.93440E-43
0.
5.92277E-44
o.
8.43C0SE-45
Ce
1.13454E-45
0.
1.44378E-46
0.
1.73737E-47
O.
1.977CzE-48
c.
2¢1275CE-45S
C.
2.1651CE-50
C.
2.0837¢€E-51
0.
1.8566€EE-52
0.
1.6327¢E-53
C.
1.3293¢€E-%4
C.
1.C236EE-55
0.
T.45588E-57
C.
5.13629E~58
C.
3.346717E-59

293437E-41
0.
4.94199E~-42
ol
7.86879E-43
O.
1.18455E-43
0.
1.68602E-44
C.
2.26SCTE-45
0.
2.887156E-46
0.
3.47475E~47
0.
3.95405E-48
c.
4.2549G9E-49
o.
4.33C1SE-50
0.
4.16153E-51
C.
3.75335€E-52
C.
3.2€6552E-53
o'
2+65872E-54
0‘
2.04737E-55
O.
1.49118E-56
O.
1.02726E-57
0.
6.€69353E-59



TABLE E10.- DIFFERENTIAL BACKSCATTER CROSS SECTIONS FOR PURE ROTATIONAL RAMAN

ey

VMo~NCBnDWwN

FINE STRUCTURE OF Op. AJ = -2

N, (n)

3.4T7046E-01
3.46977€-01
3.4€69CBE-01
3.,46838E-01
3.4676SE~-01
3.467C0E~O1
3.46621E~01
3.46562E-01
3.4€493E-C1
3.4€424€-01
3,46355£-01
3.4€28€6E-01
3.46217E~01
3.4€148BE-01

3.46079E-01

3.46010€E-01
3.45941E-01
3.45873€E~01
3.45804E-01
3.45735€E-01
3.45666E-01
3.455G8€-01
3.45525E-C1
3.4546CE-01
3.4£392E-01
3.45323€-01
3.45254E-01
3.4518¢E-01
3.45117€E-01
3.4504S€E-01
3.44980E-01
3.44912E-01
3.44844E-01
3.44715€~01
3.447C7E-01
3.4463SE-01
3.44570€~-01
3.44502€-01
3.446434€-01
3.44366E-01
3.44297€E-01
3.44229€E-01
3.44161E-01
3.44093€-01
3.44025€E-01
3.43957E-01
3.42885€-C1
3.43821€-01
3.43753€E-01
3.43685€E-01
3.43617E-01

Noxrmelized
cross section
AT = =2

1.77161E-02
O.
4.14226E-02
0.
5.66993E-C2
0.
6.31890E-C2
0.
6.17633E-02
0.
5.45487E-02
ol
4.41920E-02
0.
3.31271€-02
O'
2.31039€-02
O.
1.5047C0E~C2
0.
9.17495E~-03
0.
5.24T7T73E-C3
0.
2.81951€E-03
O.
1.42459E~03
o.
6.7748T7E~C4
0.
3.03464E~-04
0.
1.28102E-04
0.
5.09863E-05
o.
1.91412E~05
o.
6.78027€E-06
O
2.26678E-06
0.
T.15421E~-07
o.
2.13204E-07
0.
6.00050E-08
0.
1l.59518E~08
o.
4.00611€-09

g—g(w )L

9.12379€E-31
C.

2.13326E-30

0.
2.92001€-30
Ce.
3.25424E-30
C.
3.18081E-30
0.
2.8C926E-30
C.
2.275R9E-30
0.
1.7C604E-30
C.
1.18985€-3C
C.
7.749206-31
O.
4.72510E-31
OI
2,70258E-31
C.
1.45205€E-31
0.
7.33666E-32
o.
3,489C6E-32
0.
1.56284€E-32
O.
6€.59726E-33
0.
2.62580E-33
G.
5.85773€E-34
0.
3.49184E-34
0.
1.16739E-34
0.
3.68442E-35
O.
1.C9800E-35
0.
3.09026E-36
0.
8.,21518E-37
0.
2.06315€-37

%g&uh

1.82476E-30
0.
4,26653E-30
O. .
5.840036-30
0.
6.5C847E-30
0.
6.361€2E-30
O.
5.61851E-30
0.
4.55177E-30
c.
3.412CSE-30
0.
2.3197CE~-3¢
0.
1.54964E-30
0.
9.45020E-31
O.
£ 40516E-31
0.
2.506410E~21
0.
1.46733€-31
0.
6.97811F~32
a.
3,12568E-32
0.
1.31945E-32
Oe
5.25159E-313
0.
1.97155E-33
0.
6.98368E-34
0.
2.33478E-34
Qe
7.36884E-35
0.
2.196C0E~-35
0.
6.18052€-36
0.
1.643C4E-36
0.
4.12629F~37

129



7\v(l"-)
3.43549E-01

- 3.43481E-01
3.43413E-01

3.43346E-01
3.42278€-01
3.43210€-01
3.43142E-01
3.43075€-01
3.430C7E-01
3.42939€-01
3.42872€E-01
3,42804E-01
3.42736E-01
3.42665E-01
3.42601E-01
3.42534E-01
3.42466E-01
3.42399E-01
3.42332E-01
3.42264E-01
3.42157E-01
3.42130E-01
3.42062E-01
3.41955E-01
3.41928€6-01
3.41860E-01
3.41793€-01
3.41726E-01
3.41655E-01
3.41562€-01
3.41525€-01
3.416458E-01
3.41391E-01
3.41324E-01
3.412576-01
3.4119CE-01
3.41123€-01
3.41056E-01
3.4C98SE-01
3.4C922€-01
3.4C85SE-01
3.4CT88E-01
3.,4C722€6-01
3.4C655E-01
3.4C588E-01
3.4C522E-01
2.,40455E-C1
3.4C388E-01
3.40322E~01
3.40255E-01

TABLE.E10.~ (Cont'd)

Normalized
eross section
AT = =2

2:505625—10
g:13123E-lO
2:51562E-ll
2:04229E712
2:71139E°12
g:O&léBELl3
g:177745-14
3:277825—15

0.
1.78791E-16
0-
2.41569E~17
o.
3.08614E~18
0.
3.72809E-19
0.
4.25861E-20
0.
4.60018E~21
0.
4.69916E-22
0.
4.53960E-23
0. |
4.14741E-24
o.
3.58352£-25
0.
2.92838E-26
0.
2.26327€-27
0.
1.65443€-28
0.
1.143856-29
0.
7.48014E-31
0.
44626T3E-32

1.25115€-15

g‘n—q)(w L

0.

4.89540€£-38
0.
1.09759€E-38
o.
2.32554E-39
C.
4.65678BE-40
0.
8.81365F-41
0.
1.57€76E~-41
00 !
2.666549E-42
0.
4.,263C8E-43
c.
b.44344E-44
O.
G.20774E-45
0.
1.24408E-45
o.
1.58G36E-46
C.
1.91997E-47
C.
2.19218F-48
o.
2.369C9E-49
O.
2.42C007E-50
O.
2.331789E-51
o.
2.13592E-52
0.
1.84552E-53
Q.
1.50812E-54
O.
1.16559E-55
c'
8.52032€E-57
0.
5.89C84E-58
o.
3.85227€E-59
0'
2.38276E-60

%%Gnh

0.
9,79C79€-38

0.
2.19517€-38
0.
4.651CGE~39
0.
9.31356F-40
0.
1.76273€-40
0.
3.15353E-41
O.
5.333CTE-42
o.
8.52615E-43
0.
1.28869E-43

1.84]155€E~44
o.
2.48816E-45
Je
3.17673€E~46
O.
3.83993E-47
00
4,38637k-48
0.
4.73818BE-49
0.
4.84014E-5C
0.
4.671579E-51
0.
@.27183E-%2
O.
3.691C3E-£3
0.
3.C01623E-54
0.
2.33117€-55
0.
1.704C6E-56
0.
1.17817€E-57
0'
7.704%4E~55S
0.
4.76553E-6C
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[

TABLE Ell.- DIFFERENTTAL BACKSCATTER CROSS SECTIONS FOR PURE ROTATIONAL RAMAN

VO~NOVMAWNERO o

FINE STRUCTURE OF Np. AT = +2

A, (U')

3,47295€-01
3.47391E~01
3.47488E-01
3,47585E-01
3.4768lE-01
3.47778€-01
3.47875E-01
3.47972€-01
3.48069E-01
3. 48166E-01
3.48263€E~-01
3.48360€-01
3.48457E-01
3.48554E-01
3.48651E-01
3.48749€E-01
3.48846E-01
3.48943E-01
3.49041E-01
3.49138E-01
3.49236E-01
3.49334€E-01
3.49431€-01
3.49529E-01
3. 49627E-01
3.49725E-01
5+49823E-01
3.49921E-01
3.50019E-01
3.50117E-01
3.50215E-01
3.50313€e-01
3.50411€E-01
3.50509E-01
3.50608E-01
3.507C6E-01
3.50805€E-01
3.50903E-01
3.51002E-01
3.51100€E-01
3.51199E-01
3.51298E-01
3.513S$7E-01
3.51495€-01

3.51594E-01

3.51693E-Q1
3.51792E-01
3.51891E-01
3.51990E-01
3.52090E-01
3.52189E-01

Normelized
eross section
AT = +2

1.71618E-02
1.51347E-02
4.15647E~02
2.54021E~C2
S5767T17E-02
3.09944€-02
6.37570€E-02
3.15762E-02
€.04953E-C2
2.81031E~02
5.07558E~02
2.23087E-C2
3.82259E-02
1.59744E-02
2.60684E-C2
1.03890€-02
1.61860E-02
6.16406E-C3
9.18394E-03
3.34684E-C3
4.7T434E-C3
1.66663E-03
2.27832€E-03
T.62416E-04
9.99436E-04
3.20803E-04
4.03412€-04
1.24281E-04
1.50027€E-04
4.43635E~-05
5.14192€£-05
1.460CBE~-05
1.62528E~05
4.43286E~-C6
4.740GC6E-C6
1.,24203E-006
1.27603E-06
3.21274E-C?
3.17180E~-C7
7.67448E-08
7.281 79€E-C8
1.69343E-C8
1.54442€E-C8
3.45243E-09
3.02675E-CS
€.50442E-10
5.48215E-10
l.13264E-10
9.17825E~11
1.82323€E~11
1.42057E-11

ap
an (m )_1_

5.53982E-31
4.88548E-31
1.34171E-30
8.1998C0E~-31
1.861€4E-30
1.C005CE-3C
2.058C8E-30
1.01926E-3C
l.9527SE-30
S.07167€E-31
1.6384CE-30
T7.20124E-31
1.23362E-30
5.15652E-31
8.41485E~-31
3.3535€€-31
5.224832€-31
1.9897¢€E-31
2.96458E~31
1.08036E-31
1.54116E-31
5.37S8EE-32
Te35441E-32
2.461CBE-32
3.22618E-22
1.03555€E-32
1.30241€E-32
4.0117€E-33
“44B42€E7E-33
1.43205€-33
l.65981E~-32
4.71315E-24
5.24641E~34
1.43052E-34
1.53009E-34
4,00S26E-35
4.11903E-35
1.03707E-35
1.0238¢€E-35
2.4117132E-36
2.3505¢E-36
5.46638E-37
4.9E53EE-37
1.1144464E-37
9.77023E-38
2.09963€-28
1.769€4E-38
3.6561¢E-29
2.96214E-39
5.8E538E-4C
4.5856(E-40

g%@bh

1.10V96E-30
S«77095E-31
2.68342E-30
1.£63996E-30
3.72328E-30
2.00100£~30
4.11615E-30
2.03856€E-30
3.90558E-30
1.81433€E-30
3.27679E-30
1.44025E-30
2.46786E-30
1.C3130E-30
1.682S8E-30
6,70716E-31
1.04497£-30
3.,97952€E-31
5.92915E-31
2.16072E-31
3.08231E-31
1.0758€~31
1.47C088¢€-31
4.92216€-32
6.45236E-32
2.07111E-32
2.60482E-32
8.02357€E-33

9.68574E-33

2.86411E-33
3.31962€-33
$.42629E-34
1.04928E-33
2.86185E-34
3.06019E-34
8.01852E-35
8.238C7E-35
2.07414E-35
2.04771E-35
4.95464E-36
4.70113E-36
1.09328E-36
9.97076E-37
2.22889E-37
1.954G7E-37
4.19925E-38
3.53928E-38
7.21233E-39
5.92548E-39
1.17708€E-39
S.17121E-40
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A (w)

3.52288€E-01
3,52387E~01
3.52487E-01
3.52586E-01
3.52686€E-01
3,.52785E-01
3.52885E~01
3.52985E-01
3.53084E-01
3.53184E-01
3.53284E-01
3.53384€£-01
3.53484E£-01
3.53584E-01
3.53684E-01

3.53784E-01.

3.53884E-01
3.53985€E~01
3.54085E-01
3.54185€-01
3.54286E-01
3.54386E-01
3.54487E-01
3.54587E-01
3,54688E£-01
3.54789E-01
3.54889E-01
3.54990£-01
3.55091€E-01
3.55192E-01
3.55293E-01
3.55394E~01
3.55495E-01
3.55596E-01
3.55698E-01
3.55799E-01
3.55900E~01
3.560C2E-01
3.56103E-01
3.562056~-01
3.563C6E-01
3.564C8E-01
3.565C9E-01
3.56611E-01
3.56713E-01
3.56815E-01
3.56917€~-01
3.5TQ19E-CL
3.57121€-01
3.57223€E-01

TABLE Ell.- (Cont'd)

Normalized
cross section
AT = +2

2.71339E-12
2.03289€~12
3.73385€E-13
2.69007E~13
4.75139E-14
3.29195E-14
5.59170£~15
3.72580E~-15
6.08645E~16
3.90032€~-16
6.12793E~17
3.77682E~17
5.70719E-18
3.38318E~-18
4.91720E~-19
2.803€5E-19
3.91945€£-20
2¢14954E-20
2.89045€E-21
1.52479E-21
1.97225E-22
1.00079E-22
1.24518E-23
6.077T92E—-24
7.27433E-25
3.41561E-25
3.93243E-26
1.77622E-26
1.96722€E~27
8.54778E-28
$.10710E~-29
3,80615€E-29
3.90173E-30
1.56895E-30
1.54701E-31
5.98456E-32
5.67681E-33
2¢11267E~-33
1.92796E~34
6.90272E-35
6.06014E-136
2.08740E--36
1.76307E-37
5.84246E-389
4.74151E-39
1.51356E-39
1.18326E~40
3,62923E-41
2.T72973€~42
8.05530€E~43

g(w)_.l.

8.75882E-41
6.56218E~41
1.20529E~41
8.683556~42
1.53375E~42
1.06264E~42
1.8050CE-43
1.20265E-43
1.96471E-44
1.2590ZE-44
1.97810E-45
1.2191¢E-45
1.84228E-46
1.0920$E-46
1.58721E-47
9.0501€E-48
1.26520E-48
6.93871E-49
G«33C3%E-50
%.92202E-50
6.36642E-51
3.23054E-51
4.01944E-52
1.96195E-52
2.348156-53
1.10256E-53
1.26939E-54
5.73363E-55
6.35018E-56
2.7592ZE~ 56
2.93677E-57
1.228€2E-57
1.2594EE-58
5.06458E-59
4.99376€E—-60
1.93182E~60
1.83248E-61
6.81971E-62
6.2234FE~-£3
2.22820E-63
1.95621E-64
6.73812E-65
5.69118E-66
1.88595E-66
1.53249E-67
4.885TEE-€8
3.8195€E-69
1.171556-69
8.81157E-11
2.600256-171

ggﬂbh

1« 75176E-40
1.31244E-40
2.41057E-41
1.7367T1E-41
3.06750E-42
2.12528E~42
3.61000E-43
2.40538E-43
3.92941E-44
2.51805E-44
3.95619E-45
2.43832E-45
3.,68456E~46
2.18418E-46
3.17455E-47
1.81004E~47

-£3040E-48
1.38774E-48
1.86608E~-49
S.844C7€E-50
1.27328E-5C
6.46108E-51
8.C3887E-52
3.92390E-52
4.69631E-53
2.20512E-53
2.53878E~-54
1.14673E-54
1.27004E-55
5.51845E-56
5.87954E-57
2.45164E~-57

«£1895E-58
1.01292E-58
$5.987£3€E-60
3.86363E-60
3.66455E~61
1.36354E~-61
1.24469E-62
4.45640E~63
3.91242E-64
l.34762E-64
1.13824E~65
3.77189E~66
3.06499E~67
S.77T155E-~68
T.63912E-69
2+34309€~69
1.76231E-70
5.2005CE~-T71
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b

135

TABLE E12.- DIFFERENTTIAL BACKSCATTER CROSS SECTIONS FOR PURE ROTATIONAL RAMAN

FINE STRUCTURE OF Ny. AJ = -2

N, (U-)

3.,47005€E-01
3.469CSE-01
3.4€813E-01
3.4€T17E-01

3.46620E-01

3.46524E-01
3.46428E~01
3.46332E-01
3.4623€E-01
3.46140E-01
3.46)44E-01
3.459435E~-01
3.42853E-01
3.45757E-01
3.45662E-01
3.4556€E~01
3.45470E-01
3.45375e-01
3.4528CE-Q1
3.45184E-01
3.45089E-01
3.444994t-01
3.448G8E-01
3.44803€-01
3.447CRE-O1
3.44613E-01
3.44518€E-01
3.44423E-01
3.44328€E-01
3.44233€-01
3.44138E-01
3.44044E-01
3.43949E-01
3.43854E-01
3.43760E-01
3.43665€E-01
3.43571E~01
3.43476E~-01
3.43382E-01
3.43288E-01
3.43193E-01
3.43099E-01
3.43005€E-01
3.42911€-01
3.42817€-01
3.42723E-01
3.42629€-01
3.42535€E-01
3.42441E-01
3,42347E~01
3.4225%3E~01

Normalized
eross section
AT = =2

1.62541E-02
1.38243E-02
3.66152E~-02
2.15812E-02
4.72537€E-02
2+44920E-C2
4.85388E-02
2.32079E-02
4.28811E-C2
1.92117€-02
3.3463QE-02
1.41847€-02
2.34408E-02
9.44727E-03
1.48685E~-02
5.71470E-03
8.58668E-03
3.15370€£-03
4.53159E-03
1.59266E~03
2.19114E-03
T.37673E-04
9. 72540E-04
3.13872E-04
3.96811E-04
1.22839E-04
1.48997c-04
4.42625E-05
5.15311E-05
1.46958E~CS
1.64271E-05
4.49864E-G6
4.82948E-06
1.27035E-06
1.31006E-06
3.,31059E~-C7
3.28023E-07
7.96500E-08
7.58376E-08
1.76968E-08
1.61939E-08
3.63202E-09
3.19459E-09
6.88720€~10
5.82320E~-10
1.20688E-10
9.81009E-11
1.95471E-11
1.52763E-11
2.92662E-12
2.19916E~-12

%%@ﬂL

5.24684E-31
4.4€24RE-31
1.18194E-30
6.96640E~31
1.525356~3¢C
7.90601E-31
1.56845E~3C
7.49152E-31
1.38420E-3¢C
6.20153E-31
1.08019€~-30
4.57883E-31
7.56670E-31
3.04958E~31
4.79954€E~31
1.84470E-31
2.77178E-31
1.01802E-31
1.4€280E-31
5.141126-32
7.07300€-32
2.38121€-132
3.13936E-32
1.01318E-32
1.28090E-32
3,96523E-33
4.809636-33
1.428796~-33
1.66242E~33
4.74381F-34
5.30267E-34
1.45216E-34
1.558S6E-34
4.10069E-35
4.22887E-35
1.06866F~35
1.05886E~35
2.57110E-36
2.44804E-36
S.71254E-37
5.22741E~37
1.172642E~37
1.03121E-37
2.22319E6-38
1.879T3E-38
3.89579E-39
3.16670E-39
6.3C980E-4C
4.93118E-4C
9.44714E-41
7.09889E-41

%g(w)u

1.04937€-30
8.92496€E-31
2.363€8E-3C
1.39328E-3C
3.0507CE-30
1.5812GE~-3C
3.13689E-30
1.49830E~-30
2.7684CE~30
1.24021€-30
2.16037€-30
9.15766E-131
1.51334E-30
6.C9616E-21
9.599C7€~-21
3.68941E-21
5.54356E~21
2.036C3E-31
2.92560E~21
1.02822£-31
1.41460E-21
4,76242E-32
6.27872E~32
2.02636€-32
2.56181t-32
7.93C47€-33
3.61925€-33
2.85759€E-33
3.32¢€E5E~-33
9.48761F-34
1.06053F-313
2.90422E-34
3.117S1E-34
8.20127E-135
8.457T75E-35
2.13722€-35
2+117T2E-35
5. 14220E-3¢
4 ,89607E~36
1.14251€E~36
1.04548E~-36
2.34483E-37
2.06243E~37
4.4462T7E~38
3.75946E-38
7.79159€E~-39
6.33339€-39
1.26196E-36
9.86236E~-40
1.,88943E-40
1.41978E~-40



A, (P')

3.42160E-01

3.42066E-01
3.41972€-01
3,4187S€-01
3.41785E-01
3.41692E£-01
3.41598€E-01
3.41505E-01
3.41412€E-01
3.41318€E-01
3.41225e-01
3.41132€~-01
3.,41039€-01
3.4C946E-01
3.4C853E-01
3.40760E-01
3.40667E-01
3.40574E-C1
3.4C481€-01
3.4038GE-01
3.4C256E-01
3.40203E-01
3.40111E-01
3.40018€-01
3.39926E-01
3.35833€E-01
3,36741E-01
3.39649€E-01
3.39556E-01
3.354€4E-01
3.39372€-01
3.39280€-01
3.3518EE-01
3.3909¢E-01
3.39004E-01
3.38912E-01
3.38820€-01
3.38728BE-01
3.38636E-01
3.38544E-01
3.38453E-01
3.383¢61€-01
3.38269E-01
3.38178€E~-01
3.38086E-01
3.37965E-01
3.,371904E~-01
3.37812€-01
3.37721E-01
3.37630€-01

TABLE El2.~ (Cont'd)

Nom'elized
cross section
AT = =2

4.05111E-13
2.92715E~-13
5,18507E-14
3.60271€E-14
6.13697E-15
4.10066E-15
6.71760E~16
4,31676E~-16
6.80096€E~-17
4,20315€E-17
6.36877E-18
3.78561E-18
5.51697TE-19
3.15407E~-19
4.42112E-20
2.43112E-20
3.27775€e-21
1l.73366E-21
2.24829E-22
1.14384E-22
1.42687€E-23
6.98285E-24
8.37898E-25
3.94441E-25
4.55290E-25%5
2.06173E-2%
2.28925E-27
9.97232E-28
1.06518E-28
4.46365E-29
4.58654£~-30
1.64896E-30
1.82767E~-31
71.,08794€-32
6.74020E-33
2.51466E-33
2.30049E-34
8.25688E£-35
1.26690E-36
2.50923E-36
2.1245TE-37
7.05768E-38
5.74903E-39
1.8373AE-39
1.43989€-40
4.42722E-41
3.33795€E~-42
9.87402E~43
7.16236E-44
2.03839E-44

g%@nLL

1.30770E-41
9.44883E~42
1.67374E-42
le16296€E~-42
1.98102€-43
1.32369E-43
2.16844E-44
1.39345E-44
2.19535€E-45
1.35678E-45
2.05884E-46
1.22200E-46
1.78C88E~47
1.01813E-47
1.42714E-48
7.84765€6-49
1.05806€E-49
5.59€25E~-5C
7.25749E-51
3.69232€-51
4.60594E-52
2.25406E-52
2.T7C473E-53
1.27326E-53
1.46968E-54
6.€65526E-55
7.38971E-56
3.21907€E-56
3.43839E-57
1.44087€E-57
1.48054€-58
5.96844E~-59
5.89673E~-6C

'2.28799E-60

2.17574E-61
8.11732E-62
7.42597E-63
2.6€6532E-63
2.34576E-64
8.C9980E~65
6.85€811E~-66
2.,27822€~-66
1.85579€E-67
5.93C93E-68
4.64795E-69
1.42911E-69
1.07749E-7C
3.18733€E-71
2.31201E-72
6,57991E-73

g'%(w)u

2.61540F-41
1.88977€~41
3.34T48E~42
2.32561€-42
3.962C3€-43
2.64739€-43
4,33688E-44
2.7869CE~-44
4.39010€-45
2.71355€E~45
4.11168€-46
2.44399F-46
3.56176E-47
2.03627E-47
2.6542B8E-48
1.569%3F-48
2.11611€-49
1.11925€~-49
1.4515CE-50
7.386464E-51
9.21189€-52
4.50813E-52
5.40947E-%3
2.54651E~53
2.9393¢E~%4
1.331056-54
1.477S4E-55
6.43813E-56
4.87677E-57
2.88173E-57
2.96107€-58
1.19369E-58
1.17995E-59
4.,51597E-6C
4.35147€E~¢61
1.,62346E-61
1.48519E-€2
5.33064F-63
4,69151E-64
1.61996E~-64
1.37162€-65
4.55644E-66
3.711576-67
1.18619E-67
9.295G0E~-69
2.85821E-69
2.15498E-70
6.3746TE-11
4.62402E-72
1.3159€8E-172

134
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TABLE El3.- DIFFERENTIAL BACKSCATTER CROSS SECTIONS FOR ROTATIONAL FINE STRUCTURE

ON THE v = O - 1 RAMAN VIBRATIONAL TRANSITION OF Op. AJ

CONT NS WN=O o

K,(u)

3.67070E-01
3.67146E-01
3.67222€E-01
3.677298E-01
3.67373E-01
3.6T44TE-01
3.67521E-01
3.67595E~01
3.67669E-01
3.67742E-01
1.67814F-01
3.67887F-01
3.67959F-01
3.68030+-01
3.68101E-01
3.6RY72F-01
3.68242E-01
3.68312€-01
3.6R381F-01
3.68450F~-01
3.68519k-01
3.68537F~-01
3.68655F-01
3.6A87237-01
3.58730t-0l
3.68856F-01
3.69923¢-01
3.68998F-01
3.69N54FE-01
3.69119E-01
3.69183F-u1l
3,692 4HF-01
3.69311F-01
3.69375F~-)1
36943RF-0V1
3.695001-01
3.69552E-01
3.6GA24E~01
3.69635F-01
3.69746F-01
3.A9H076E-01
3.69R5TF-J1
3.HCI2TE-OIL
3.A9986F~01
3.70045F~01
3.70103E-01
3.70141F-01
3.70219F-01
3.70276E-01
3.70333F-01
3.70339F-01

Normalized
cross section
AT = +2

1.84157E~-02
0.
4.53569E-02
O.

6. 54001FE~-02
C.
Te6TT795E£-02
0.
7.90577€E-02
Q.
T.35548E-02
O.
6.27T772E-02
{)a

4. 9B THH5E-D2
Oe

3. 64269E-02
0.
7.49941F-02
0.
1.60565E-02
O.

9. 67577E-03
G. :
5.47726F-03
O
291584E-03
O«
1.46105E~03
0.

fe 89558F—-0%
0.
3.06710E-0%
0.
1.2R630F-0D4
0.
5.08841E-05
O

1+ R89929F =05
Us
6.69106E-05
O
2.22%34FE~-05
Na
0.98354F~-07
0.
2.07274E~-01
Oa
5.8N~K85F~-08
0.

le 530686F-08

gg@ﬁ;

3.76785E-33
3:28003E—33
i:33809&—32
2:57091E—32
?:6[752F-32
f:50495E~32
2:28442E—32
1:01434E—32
?:45294E—33
2:11379E—33
;:28516E—33
f:97966E—33
?:12065F-33
g:96581E-34
3:98931E—34
?:4[084F—34
0.

9.27530F-35
3:63177F~35
2104)09F—35
;:88596F—36
i:BﬁﬂQQE-36
Je

++ 55304F-37
(VN

1.42985E-37
3:24082E—38
f:lSHOBE—BS
3:1444?E—30

g%@nﬁ

7.53570E-33
0.
1.85601E-32
o.
2.67617E-32
0.
3.14182E~-32
0.
3.23504E-32
O.
3,00990€~32
C.
2.56885E~-32
O.
2.02868E-32
0.
1.49059E-32
0.
1.02276E-32
0.
6.57032€-33
0.
3.95933E-33
0.
?2.24130E~33
0.
1.19316E-33
0:
5.97862E-34
0.
2.82167E-34
0.
1.29506E-34
0.
5.26354E-35%
0.
2.08218E-35
0.
7.7T7191€~36
0.
2.T34798E~36
0.
9.10609E-37
0.
2.85971€-37
0.
8.48165E-38
0.
2.31516L-38
0.
6.27A884E-39

+2

135



AJ(H)

3.70445E-01
3.70501E-01
3,70556E-01
3.70610E-01
3.70665E-01
3.70719€-01
3.70772E-01
3.70825E-01
3.70878E-01
3.70930E-01
3.70982E-01
3.71033€-01
3.71034E-01
3.71134E-01
3.71184F=~01
3,71234E-01
3.71283E-01
3.71332E-01
3.71381E-01
3.71628E-01
3.71476F-01
3.71523E-01
3.71570E-01
3.71616E-01
3,71662F-01
3.717Q7E-01
3.71752F=-01
3.71707€-01
3.71841E-0]
3.718R5F-01
3.71928F-01
3.71971€-01
3.72013E-01
3.72055€-01
3,72097E-01
3.77138F-01
3.72179E-01
3.72219F-01
3.72259F-01
3.72298E-01
3.7233176-01
3.723766-01
3.772414F-01
3,72452E-01
3,724 49€-01
3.72526£-01
3.72563F-01
3.725996-01
3.72634F-01
3.77669€-01

TABLE E13.- (Cont'd)

Normalized
cross section
O = +2

0.
3.84311€E-Q9
O
9.080395E-12
Ua
2.02780E-10
Ol
4.27957E-11
0.
B.5357T6E-12
O.
1.60967E-12
OI
2.86917E-13
O
4.83481E-14
O

T T0247TE-15
O.
1.16019E-15
0.
1.65234F-15
0. R
2.22512E-17
0.
2.83344E-18
O.
3.41187E~-13
On
3.8BB513€E-20
C.
4.18375E-21
0.
4.26074E-22
Ce.
4.10371F-23
0.
3.7380HE-2%
O.
3.22043F~25
0.
2.672410F=25
0.
2.02235E-27
U.
1.47418E~-24%
O
1.0l641F-27
0.
b.h2864E-31

g%’(wu

::86300E—40
?:857965—40
2:14887E—41
3:75600E—42
1:746625-4?
;:29338E—45
Z:BTOBIE—44
g:BQZOZE—45
2:57593E—45
2:37375E—46
3:38068E—47
2:55260E—48
8:79721E—49
2:98069E—50
?:94898E-51
::55995E—52
::71748E—53
3:396186—54
3:6481?E—55
2258900F-Sﬁ
g:?bﬂ@@E-S?
1:13772E—58
3:01617&—59
2:07958E-60
?:35622E—61

%%@DM

0.
1.57260E-39
0.
3.71593E~-40
0.
B8.2977T4E-41
o.
1.75120€-41
0.
3.49324E-42
0.
6.5B675€-43
0.
1.17406E-43
0.
1.97840E-44
0.

3.15185E-45

0.
4.T4751E-46
0.
6.76136E-47
0.
9.10521E-48
0.
1.15944€-48
O.
1.39614E-49
0.
1.58980E-50
0.
1.71199E-51
0.
1.74350€E-52
0.
1.67924E-53
0.
1.52962E-54
0.
1.31780E-55
0.
1.07378E-~-56
0.
8.27544E-58
0.
6.03234E-59
O.
4.15917E-60
O.
2.71244E-61
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TABLE Ell.- DIFFERENTIAL BACKSCATTER CROSS SECTIONS FOR ROTATIONAL FINE STRUCTURE
ON THE v = O — 1 RAMAN VIBRATIONAL TRANSITION OF Op. AF =2

Normelized ap ae
eross section -&H(w).l. m(ﬂ))u
J A: (IJ.) AT = =2
2 3.66839€-01 1.77126€E~02 3.62400E-33 7.24B0QE-33
3 3.66761E-01 0. O« O -
4 3.66683E-01 4.14188E~-02 8.47T428E-33 1.,69486E~-32
5 3.66604E-01 0. 0' Oc
6 J.66525E-01 5.6T011E~-02 1.16010€~-32 2.32021E-32
7 3.66‘046E_01 O. . O. o.
8 3.66366E-01 6.32000E-02 1.29307E-32 2.58614E~-32
9 3.66286E-01 Oo 0. O'
10 3.66206E-01 6.17838E-02 1.26410E-32 2.52819E-32
11 3.66125E-01 Qe 0. O.
12 3.66043E-01 5.45766E-02 1l.11664E-32 2.23327E-32
13 3.65962‘5‘01 0. 0. 0.
14 3.65880E-01 4.42233€-02 9.04808E-33 1.80962E-32
15 3.65797E~-01 Q. 0. Qe
16 3.65714E-01 3.31577E-02 6.78406E-33 1.35681E~-32
17 3.65631E-01 0. 0. Oe
18 3.65547E-01 2+31306E-02 4,73253E~-33 9.46506E-§3
19 3.65463E-01 Oe C. Oe
20 3.65379€-01 1.50682£-02 3.08296E-33 6.16591E-33
21 3.65294E-01 0. O. 0.
22 3.65209€E-01 9.19037€E-03 1.88035E~-33 3,76070E-33
23 3.565124E-01 ‘0. O 0.
24 3.65038E-01 5.25806E-03 1.07580E-33 2.15160E~33
25 3.64951E-01 0. O. Qe
26 3.64865E-01 2.82593E-03 5.78185E-34 1.15637E-33
27 3.64778€-01 0. 0. O
28 3.64690E-01 1.42830L-03 2.92230E-34 5.84460E-34
29 3.64602E-01 0. O. 0.
30 3.64514E-01 6.79482E-04 1.39022E-34 2.78044E-34
31 3.64426E-01 O. 0. O.
32 3.64337€-01 3.04467€E~-04 6+22940E-35 1.24588E-34
33 3.64247E-01 0. 0. 0.
34 3.64158€E-01 1.28574E~-04 2.63063E-35 5.26127E-35
35 3.64068E-01 0. Oe 0.
36 3.63977E-01 5«11946E£-05 1.04744E-35 2.,0948BE-35
37 3.63886€E-01 0. 0. Qe
38 3.63795E-01 1.92274E-05 3.93392E-36 T.86785E-36
39 3.63704E-01 0. 0. 0.
40 3.63612E-01 6.81375E-06 1.39409E-36 2.78819E-36
41 3.63519€E~-01 g. Ce 0.
42 3.63427E~C1 2.27900E-Q6 4.66283E-37 9.32566E-37
43 3.63334E-01 0. 0. 0.
44 3.63240€E-01 T«19615€E~-07 1,47233€E-37 2.94466E-37
45 3.63147E-01 0. 0. 0.
46 3.63052E~-01 2414558E-07 4,38985€E~38 8.77971E-38
47 3.562958E-01 O. O 0.
48 3.62863E-01 6.04166E-08 1.23612E-38 2.47225€E-38
49 3.62768E-01 O. Oe O.
50 3.62672E-01 1.60696E-08 3.28784E-39 6.57569E-39
51 3.6257T6E-01 O 0. O.
52 3.62480E-01 4.03788E-09 8.26150E~40 1.65230E-39



Y (u)

2.62383E-01
3.62286E-01
3.62189€E-01
3.62091£E-01
3.61993€E-01
3.61894€-01
3.61795E-01
3.61696E~01
3.61597E-01
3.61497E~01
3.61396E-01
3.61296€£-01
3.61195E~01
3.61093E-01
3.60992E-01
3.60890E-01
3.60787E-01
3.60684E-01
3.60581€-01
3.60478E-01
3.60374E-01
3.60270E-01
3.60165E~01
3.60060E-01
3.59955€~01
3.59849E-~01
3.59743E-01
3.59637€-01
3.59531E-01
3.59424E-01
3.59316E-01
3.59209€-01
3.59101€~-01
3.58992€£-01
3.58884E-01
3.58775€E-01
3.58665E-01
3.58556E~01
3.58446E-01
3.58335€-01
3.58224E-01
3.58113E-01
3.58002E-01
3.57890E-01
3.57778E-01
3.57666E-01
3.57553€E-01
3.57440E-01
3.57327€E-01
3.57213E-01

TABLE El4%.- (Cont'd)

Normalized
cross section
AT = =2

0.
9.58635E~10
0.
2.15057E-10
0.
4.55930€E-11
0.
9.13533€-12
0.
1.73009€-12
0.
3.09713E-13
o.
5.24118€E-14
0.
f.38496E-15
0.
1.26823E~15
0. )
1.81362E-16
Oe
2.45223E-17
0.
3.13518€-18
0.
3.79024E-19
0.
4.33301E-20
o.
4,68431E-21
O.
4.78904E-22
0.
4.63031E-23
0.
©.23391€E-24
o.
3.66146E-25
0.
2.99473E-26
0.
2.31666E-27
0.
1.69502E-28
o.
1.17302E-29
ol
7.67825€E-31
o.
4.75391€E-32

%%@ﬂl

?:96137E-40
2:40007Eh41
2:328326—42
?:869096—42
2:53976E—43
2:33674E—44
?:072345—44
?:71556E—45
3:59481E—46
2:710665-47
2201726E—48
61 41457E-49
2:754935—50
g:36534e—51
2:58410E—52
3:79837E—53
2:473615—54
g:beSSE—SS
2:49134E—56
2:127225—57
2:73988E—58
g:#bBOZE-SQ
22400005-60
?:57097E—61
2:72649E—63

%g-(w)u

g:92273E—40
2:80014E—4l
?:86566E—4l
2:73818E—42
2:079525-43
?:26735E—43
2:144695—44
g:#BllZE—%S
2:18961E—46
2:42133E—47
?:00345E—47
2:28291E—48
2:550975—49
?:773075—50
?:91682E—51
0.

1.9596TE~52
?:89472E—53
0.

1.73252E~54
?:49827E—55
?:22544E—56
2:47977E—58
2:93603E-59
2:80001E—60
2:141945—61
?:94530E—62
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TABLE El15.- DIFFERENTIAL BACKSCATTER CROSS SECTIONS FOR ROTATIONAL FINE STRUCTURE

ON THE v = O — 1 RAMAN VIBRATIONAL TRANSITION OF Np. &J =

-
ODVWDNEPVMPLNmL &

(3
-

Pt e et gme o e pun
W~NT RO WN

19

A, (u)

3.7T7880E-01
3.77993€~-01
3.78105E-01
3.,78217E~-0}
3.78328£-01
3.78439E-01
3.78550€E-01
3.78659F-01
3.78769E-01
3,78878E~01
3.78386E-01
3.79094E-01
3.79202F-01
3.793939F-01
3.79415€6-01
3.79521E-01
3.79627F-01
3.79732£-01
3,79837FE-01
3.79941F-01
3.80045F-01
3.90148E-01
3.80251E~01
3.80353E-~-01
3.80454E-01
3.90556E-01
3.R0656E-91
3.80757F-01
3.80857FE-01
3.R80956E~-D1
3.81095FE-01
3.811536-01
3.81251E-01
3.81348E-01
3.81445F-01
3.815641F~01
3.81637¢-01
3.817372F~-01
3.81827k~-01
3.91927F-01
3.82015€E-01
3.R21919&-21
3.82292L-01
3.,827294F-01
3.823866-01
3.82477F-01
3.82568E-01
3.32658E~-01
3.R2749F~-01
3.828374£~01
3.82926F-01

. Normalized
eross section
AT = 42

1.71574€~-02
1.51296E-02
4415475€6-02
2. 53898E~-02
S.T640LE-02
3.09756E~-02
6.37T150€~02
3.15539E-02
6.04501£~02
2.80811E-02
5.07144E-02
2.72900E-02
3.81931F~-02
1.59605€~02
2.60455(-02
1.03799L-02
1.51718E-02
6.1597T1E-03
9.176116~-03
3.34405€6~0:
4o 77069F-03
1.66334F-013
2.27664E-03
7.61889E-0¢4
9.IRTIIE~D4
3.20615E-0%
4.,03260E~-006
1,24224E-24%
1499496 -01%
4a4349TE-D>
5. 1407%E=-0
1.459R88BE-0)
1.627521€6~05
4.43312F-05
4,740RBS5E-05
1.24237E-05
1.727054F-06
3.21441E-07
3.1738AE-VT
T.08951E-08
T.28854F-03
L. 69529E~03
le54631F-03
3.451721F-03
3.03L44F=-0Q9
HaS15AP2E-10
5¢49296E-1)
1.13500F-10
9,19307E-11
1.82772E-11
la42435F-11

E%QDLL

2.18070E~-33
1.92297E-33
5.28069E-33
3.22705€E-33

1.32606E-33

3.,93700E-33
8.09818E~33
4.01050E-33
7.68321E-33
3.56910F-33
8.44581E-33
2.83305E-33
4.85435E-33
2.02R5T7€E-33
3.31039E-33
l.31928F—133
2.05543E~33
71.82772E-34
1.16624E-33
4. ?25029F~34
9.U6329E-34
2el1A6HE~34
2.49361E-34
7. 6830E-35
1.263%47F-34
4.07501FE~13%
5.125430-35
LeB5TAHBE-35
L. 90410E~-35
5.03585E-36
6. 53390E-36
1.85551E-36
2.06565E~-36
5.63449E-37
2,02562E-37
Le 37705F-37
1.6727248€E-37
4.086551€E-~-38
4.03398t-38
Fe76193K~-39
1. 263T74E-39
2.15466E~39
1.96534F~39
4. 39412€-40
3.85296E-40
de 28135€E-41
9.98104E-41
1.44258F-4]
1.16920€~-41
2+32303€~42
1.81035F-42

%g@b)u

4.36140E-33

3.84593E-33

1.05614E-32

6.45409E~-33

1.46521E~32
7.87400E~33
1.61964E~32
8.02101E~33
1.53664E-32
7.13820E-33
1.28916E-32
5.66611E-33
9.70869E~33
4.05715E-33
6.620786~33
2.63857E~33
4.11087E-33
1.56554E-33
2.33257E~-33
8.50059E-34
1.21266E-33
4.23329E~-34
5.73723E-34
1.934672E-34
2.53893E-34
8.15003E~35
1.02509€~34
3.15776E-38
3.81220£-35
1.12737E-35
1.30678E-35
3.71102E-36
4.13129E-36
1.12690E~-36
1.20512E-36
3.15811E-37
3.24496€~-37
B.l7102E~38
8.N6790E-38
1.95239E~35
1.85275E~38
4.30931E-39
3.93073E-39
8.78924E-40
7.70532E-40
1.6562TE-40
1.39621E-40
2.88516E~641
2.33840E-41
4.54606€~42
3.62071E-42

+2
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A)(P-)

TABIE F15.-

Normalized
cross section
OT = 42

(Cont'd)

g%@ﬁ;

3.83014E-01

3.83102E-01
3.83190&-01

3.83276E-01
3.83363E-01
3.83448E-01
3.83534E-01
3.83618E-01
3.83703E-01
3.83786E-01
3.83869E~01
3.83952E-01
3.84034E-01
3.84116E~01
3.84197E-01
3.842 78E-01
3.84358E-01
3.84437E-01
3.84516E-01
3.84595E-01
3.846 713E-01
3.84750E-01
3.84827€-01
3.84904E-01
3.84930E-01
3.85055E-01
3.85130E-01
3.85204E-01
3.852T8E~01
3.85351€-01
3.85424E-01
3.85496E-01
3.85558E-01
3.856 39E-01
3.85710E-01
3.85780E-01
3.85949E-01
3.85918E-01
3.85987E-01
3.,86055E-01
3.86122E-01
3.86189€-01
3.86256E-01
3.86321E-01
3.8638TE-01
3.86452E-01
3.86516E-01
3.86579F-01
3.R6643E-01
3.86705E-01

2.72117€-12
2.03916E~12
3,74617E6~13
2. 69954E-13
4.76921E-14
3.30507€E-14
5.61535€E~15
3.74248E-15
6.11523E-16
3.91978E-15
6.16012E-1T7
3.79768E-17
5.74030E-18
3.40377E-18
&.94B54E-19
2.822356-19
3.946T7E-20
2.16518E~22
2.91239E=-21
1.53685E-21
1.98849E-22
1.00936€-22
1.25627€-23.
6.13412E-24
T.34414E-25
3. 44960E~25
3.97300E~25
1. 79519€E~25%
1.98897E-27
8.64554E-28
9.21478E-29
3,85325€6-29
3.95095€E-30
1.589386-30
1.56779E~31
6.06T744E~32
5.75784E-33
2.143T4E-33
1.95714E~34
7.01027E-35
6.15728E-36
2.12181E-35%
1. 79294€~-37,
5.94419E-38
6.83242€-39
1.54136E-39
1.20557E-40
3.59954E-41
2.78390E-62
8.21923E-43

3.45861E~43

2.59177TE-43
4.T6138E~-44
3.43112E-44
6.0616TE-45
4.20074€~45
7. 13710E-46
4475669E-46
ToTT246E-47
4,98204E-47
7.82951E-48
4.82686E~48
T+ 29592E-49
4.32619E-49
6.28960E-50
3.58720€-50
5.01634E-51
2.75194E-51
3.70165E~52
1.95334E-52
2452737€-53
1.28290E-53
1.59671E-54
Te 7964TE-55
7.33440€E-56
4.38444E-56
9. 04968E~57
2.28169E-57
2.52798€E-58
1.09885€E-58
1. 17120€E-59
4. 897T48E-60
5.02165E-61
2,02010€-61
Le9926TE-62
7.7T11726-63
7.31821E-64%
2.72469E-64
2.48753E-65
8«91005E-66
7.82590E-67
2.696B2E-67
2.27883€E-68
7.55507E-69
6.14201E-T0
1.95907E-70
1.53228E~-71
4. TO0212E-72
3.53834E-73
le 04466E-73

%%GDM

"6.91722E~43

5418354E-43
9.522T75E-44
6.86224E~44
1.21233E-44
8.40148E-45
1.42T42E-45
9.51338E-46
1.55449E-46
9.96408E-47
1.56590E~47
9.65371E-48
1.45918E-48
B8.6523TE-49
1.25792E-49
T.17440€E-50
1.0032TE-50
5.50389E~51
7.40330E-52
3.90668E-52
5.05475E-53
2.56579E-53
3.19343E-54
1.55929E-54
1.86688E-55
8.768BBE-56
1.00994E-56
4.56338€E-57
5.05596E-58
2.19770€E~-58
2.34240E-59
9.79496E-60
1.00433€-60
4.04020€-61
3.98533E-62
1.54234E-62
l.46364E-63
5.44938E~-64
4.97506E-65
1.78201E~-65
1.56518E-66

5.39363E-67

4.55T66E-68
1.51101E-68
1.22840E-69
3.91814E-70
3.06455€E~-71
9.40424E-72
T.07668BE-73
2.08933E-73
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TABLE E16.- DIFFERENTTAL BACKSCATTER CROSS SECTIONS FOR ROTATIONAL FINE STRUCTUR:
ON THE v = O — 1 RAMAN VIBRATIONAL TRANSITION OF No. A = -2

A, (U-)

3.77539E~01
3.77425€-01
3.77310€E-01
3.77194E-01
3.77078t-01
3.76962E-01
3.76845E~01
3.76728€&-01
3.76610E-01
3,76492e-01
3.76373E-01
3.76254E-01
3.76134E-01
3.76014E-01
3.75894E-01
3.75773€-01
3.75651E~-01
3.75530E-01
3.75407€-01
3.75284E-01
3.75161E~01
3.75038E-01
3.74914E-01
3.74789E-01
3.74664E-01
3.74539E-01
3.74413E-01
3.74286E-01
3.74160E-01
3.74033E~01
3.73905E-01
3.73777€E-01
3.73648E-01
3.73520£-01
3.73330€-01
3.73260E-01
3.73130E-01
3.73000E-01
3.72868E-01
3.72737E-01
3.72605€E-01
3.72473E-01
3.72340£-01
3.72207€-01
3,72073E-01
3.71939E~-01
3.71805€E~01
3.71670€-01
3.71534E-01
3.71399€-01
3.71263E-01

Normalized

eross section

AT = -2

1.62544E-02
1.38260E-02
3.66237E-02
2.15R86E-02
4.72757€-02
2.45064E-02
4.86239E-02
2.32279E~02
4.29241E-02
1.92338E-02
3.35066€-02
1.42055E-02
2.34790E~02
9.46426E-03
1.48978E-02
5.72702E-03
8.60679E-03
3.16170E-03
4.54398E-03
1.59734€-03
2.19803E-03
7.40152E-04
9.76023E-04
3.15067£-04
3.98413E-04
1.23364E-04
1.49670E-04
4.44734E-05
5.17897E-05
1.47734E-05
1.65182E-0%
4.52479E-06
4.85888E-06
1.27844E-06
1.31878€E-06
3.33360E-07
3.30400E-07
8.02513€E-08
7.64335E-08
1.784156-08
1.633156-08
3.66405£-09
3.22382E-09
6.95253E-10
5.88043E=10
1.21916E~10
9.91337€-11
1.97599E-11
1.54481E~11
2.96063E-12
2.22554E-12

4o
Pl (w)L

2.06594E-33

1.75728€~33
4,65487E-33
2.74391E-33
6.00R74E~-33
3.11477E-33
6+18010E-33
2.95226E-33
5.45565E-33
2.44461E~33

" 4.258B69E-33

1.80552E~33
2.98418€-33
1.20291€E-33
1.89351E-33
T.27904E~34
1.09392€-33
4.01852E-34
5.77540E-34
2.03022€-34
2.79370E-34
9.40734E-35
1.24052€E-34
4.00450E~35
5.06383E~35
1.56795€-35
1.90231E-~35
5.65258E~36
6.58247TE~36
1.87770E~36
2.09946E~36
5.75100€E-37
6.17564E-37
1.62490E-37
1.67617TE-37
4.23700E-38
4.19939E-38
1.01999£-38
9.71470E-39
2.26765E-39
2.07573E-39
4,65701E-40
4.09747E-40
B.B3666E~41
T.47403E~41
1.54955E~41
1.25999E-41
2+51148E~42
1.96346E-42
3.76296E-43

2.82866E-43

%g&uh

4.13188E~33
3.51456E-33
9.30975E-33
5.48783E-33
1.201756-32
6.22954F-33
1.23602E~32
5.90452E-33
1.09113E-32
4.B8923E-33
8.51738E-33
3.61103E-33
5.96836E-33
2.40581€-33
3.78702E-33
1.455816-33
2.18785€-33
8.03703E-34
1.155086~33
4.06044E-34
5.58740E-34
1.88147E-34
2.48105E-34
8.00900E-35
1.01277E~34
3.13591E~35
3.80462E-35
1.13052E~35
1.31649E~35
3.75539E-36
4.19891E-36
1.15020€6-36
1.23513E~36
3.24980E~37
3.35234E-37
8.47400E-38
B.39878E-38
2.03999¢~-38
1.94294E-38
4.53530E-39
4.15146E~39
9.31402E~40
8.19494E-40
1.76733E-40
1.49481E~40
3.099096-41
2.51998E~-41
5.02296E~42
3.92692E-42
7.52592E~43

. 2265732E-43
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’ A:(#)

3.71126E-01

3.70989E-01
3.70852€-01
3.70714E-01
3.70576E-01
3.70437€-01
3.70298E-01
3.70159€-01
3.70019E-01
3.69879E-01
3.69738E-01
3.69597E-01
3.69456E-01
3.69314E-01
3.69171E-01
3,69029E-01
3.68886E-01
3.68742E-01
3.68598€-01
3.68454E-01
3.68310E-01
3.68165E-01
3.680196-01
3.67873E-01
3.67727€-01
3.67580E-01
3.67434E-01
3.67286€-01
3.67138E-01
3.66990E-01
3.66842E~01
3.66693E-01
3.66544E-01
3.66394E~01
3.66244E-01
3.66093E-01
3.65943E-01
3.65791E-01
3.65640E-01
3.65488E-01
3.65336E-01
3.65183E-01
3.65030E-01
3.64877€-01
3.64723E-01
3.645696~01
3.64414E-01
3.64259€~01
3.64104E-01
3.63948E-01

TABLE E16.~ (Cont'd)

Normalized
cross section
AT = -2

g%@ﬁi

B

4.10124E-13
2.96450E-13
5.,25327€-14
3.65153E-14
6.22260E15
4.15956E~15
6.81685E-16
4.38235E-16
6.90718E-17
4.27060E~17
6.47376E~-18
3.84969E~-18
5.61282E-19
3.21029€-19
4.501956-20
2.47669E-20
3.34073E~21
1. T6780E-21
2.29364E-22
1.16747€-22
1.45705E-23
7.13398E-24
8.56454E-25
4.03377E-25
"4,6583BE~26
2.11056E-26
2.3446TE-27
1.02190E-27
1.09210E~28
4.5T889E~29
4.70745E-30
1.89872E-30
1.87788E-31
7.28665E-32
6.93300E-33
2.58803E~33
2.36895E~34
8.50743£-35
7.49170E-36
2.58835£-36
2.19284E-37

7.28876E-38.

5.94079€E-39
1.89976E-39
1.48970E~40
4.58318E-41
3.45766E-42
1.02345E~42
Te42846E--44
2.11545E-44

5.21268E-44
3.T6TBBE—44
6.6T691E~-45
4.64109E-45
7.90893E~46
5.28680E-46
8.66421E-47
5.56996E~4T
8.77T903E—-48
5.42794E~48
8.22815E-49
4.89296E-49
7.13389E~50
4.08028E-50
5.72198E-51
3.14788E-51
4.24607€E-52
2.2468TE-52
2.91522E~53
1.48385€~53
1.85191€~-54
9.06729E-55
1.08855€E~55
5.12692E-56
5.92080E~57
2.68253E-57
2.98008E-58
1.29884E-58
1.38806E-59
5.81977E-60
5.98317E-61
2.41328BE-61
2.38679E-62
9.26133E-63
8.81185E-64
3.28939E-64
3.01093E-65
1.0812%€~-65
9,5219%E~67
3.2R979E-67
2.787T10E-68
9.26402E-69
7.55074E-70
2.41460E-T70
1.89341E-71
5.82523E~-72
4e39469E-T73
1.30080E-73
9.4415T€E-1715
2.6B8T3E-T5

1.04254E-43
7.535TTE~-44
1.33538BE-44
9.28219E-45
1.58179E-45
1.05736E-45
1.73284E~-46
1.11399€-46
1.75581€-47
1.08559E-47
1.64563E-48
9.78591E-49
1.42678E-49
8.160576-50
1.14440E-50
6.29576E-51
8.49214E-52
4.49373E~-52
5.830644E£-53
2.9677T1E-53
3.70381lE-54
1.81346E-54
2.17T11E-55
1.02538E-55
1.18416€-56
5.36505E~57
596016E-58
2.59T768E-58
2.TT611E-59
1.16395€-59
1.19663E—-60
4.82656E-61
4.T7T7358BE-62
1.85227E-62

1.76237€-63

6.578T8E-64
6.02186E-65
2.16259E—-65
1.904372E-66
6.5T959E-67
5.57420E-68
1.85280£-68
1.51015E-69
4.82919E-70
3.78683E-71
1.16505€-71
8.78937€-73
2.60161E-73
1.88831E-74
537T47E-T5

12



APPENDIX F

AN ESTIMATE OF THE QUANTITY (ip + ig)

The manufacturer's measurements of the particular Amperex 56DUVP

phototobe used in these experiments indicated that

. ~-16
ip = 2.4 x 10

amperes

The value of ip 1is calculated from the relationship

ig = N9A ANR)

where
Q is the solid angle of the receiver ~ %.1 X 1072 steradians
AN is the passband of the interference filters ~ 35 X
Ry 1s the night sky radiance = 1077 watts m'gster'lz'l (54,35)
N is the cathode sensitivity =~ 0.04% ampere watt ™1
7 is the optical efficiency ~ 0.3

and

A 1is the area of the receiver = 0.13 meter?

Using these values,
ig > 1.7 % 10715 amperes
Therefore, a reasonable estimate is

(iD +ig) » 2 x 10715 amperes

k3
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