AD-AQ17 397
THE CALCULATION OF MILLIMETER AND SUBMILLIMETER WAVE
ABSORPTION LINE PARAMETERS FOR THE MOLECULAR OXYGEN
ISOTOPES: (16)02, (16)0(18)0, AND (18)02
M. Greenebaum

Riverside Research Institute

Prepared for:

Army Missile Ceowmand
Defense Advanced Research Projects Agency

15 August 1975

DISTRIBUTED BY:

National Technical Information Service
U. S. DEPARTMENT OF COMMERCE




TECHNICAL REPORT T-1/306-3-14
THE CALCULATION OF MILLIMETER AND
SUBMILLIMETER WAVE ABSORPTION LINE

PARAMETERS FOR THE MOL ECULAR OXYGEN

ISOTOPES: '“0,, "*0'°0, AND "0,

Bmpovepes  ber
NATIONAL TECHNICAL
‘NFORMATION SERVICE

US Department of Commerce
Springfield, VA. 22151




RIVERSIOE RESEARCH INSTITUTE

RIR

80 West End Avenus / New York, New York 10023 / (212) 873-4000

e e L e S S

15 August 1975
TECHNICAL REPORT T-1/306-3-14

THE CALCULAT!ON OF MILLIMETER AND

SUBMILLIMETER WAVE ABSORPTION LINE

PARAMETERS FOR THE MOL ECULAR OXYGEN
ISOTOPES: '0,, "°0™0, AND "0,

D DO

CEN I T Y
By M. Gromeboun 7/ (RIP T T

o cep a8 v

Prepared for H :." 2y

Commanding General
U. S. Amy Missile Command
Redstone Arsenal, Alabama 35809

Contract No. DAAMO01-74-C-0419, Mod. P00009

Sponsored by

Advanced Reseorch Projects Agency
1400 Wilson Boulevord

Arlington, Virginia . IO STA *-m—-;-..l
ARPA Order No. 2281 relcang;

Distnbution Unlimited

The views and conclusions contained in this document are those of
the author(s) and should not be interpreted as necessarily repree
senting the official policies, either expressed or implied, of the
Defense Advanced Research Projects Agency or the U.S. Gout

]




UNCLASSTFIED

SECURITY CLASSIFICATION OF T3 PAGE (When Deia ! ntered)

REPORT DOCUMENTATION PAGE

RUAD INSTRUCTIONS
BEFORF. COMPLLETING FORM

1. A1 PORY NUMBIR 2. COVY ACCESSION NO |

) RECIPIENT'S CATALOG NUMBER

4 TITLE (mnd Subtitle)
The Calculation of Millimeter and
Submillimeter Wave Absorption Line

5. TyPE OF REPOARY & PEMOD COVERED
Technical Report
19 Mar to 15 Aug 75

Parameterslfor the Molecular Oxygen

8 e .lﬁo.'l.eoA 31153 1892-_——_

[P auvwoRm(e)

M. Greenebaum

¢ PERFORMING ORG. REPORT NUMBER

T-;é%?ﬁ-%-;%
. CONTRA ON GRANT NUMBER/s)

DAAHO1-T4-C-0419,
Mod., P00009

9. PERFOAMING ORGANIZATION NAME AND ADDRESS
Riverside Research Institute
80 West End Avenue

New York, N, Y, 10023

10. PROGRAM ELEMENT PROJECYT, TASK
AREA & WORK UNIT NUMBERS

'), CONTROLLING OFFICE NAME ANO AOORESS

Defense Advanced Research Projects Agenc
Arlington, Virginia 22209

12. REPORY DATE

15 August 1975

1). NUMBER OF PAGES

120

T8 MONITORING AGENCY NAME & ADCRESS/1I ditferent lrom Controlling Otiire)

18 SECURITY CLASS. (o) thie repert)

U. S. Army Missile Command Unclassified
Redstone Arsenal, Alabama 35809 T2 OLCLASHFICATION/ OOWNORADING
SCHEDULE N/A

16, OISTNIOUTION STATEMENT (ol thie Repert)

Approved fcr public release; distribution unlimited.

17. OISTRIBUTION STATEMENT (o) the ebelract entered In Bie ok 20, 1) diVlatent Yrom Report)

190. SUPPLEMENTARY NOTES

ARPA Order No, 2281

Millimeter waves
Submillimeter waves

Far infrared radiation
Atmospheric attenuation

19. KEY WORDS (Conlinue on reverse a1de 1f neceesery ond 1deniity by Lieck number)

Molecular spectroscopy
Infrared spectroscopy
Molecular oxygen isotopes

20 ABSTRACY (Lontinue on reveree a1de ii necesesrry and

sorption Line Parameters Compilation.

identily by block aumber)

Calculations are described which yield absorption line
arameters for the three isotopes of molecular oxygen: le02,
60180, and 802, in the format of the AFCRL Atmospheric Ab-
The line parameters
are: transition frequency, integrated line strength at 296K,
line width, lower-state energy, and identifying quantum num-

bers. These parameters are required as input to the SLAM
DD ,"%:%, 1473  toimon or 1 wov esis ossoLeTE UNCLASSIFILED

SECURITY CLASSIFICATION OF THIS PAGE (When Qou Entored)




UNCLASSIFIED

SECURITY CLAVIPICATION OF 1418 PAGEWhon Date Knisrey)

20, (Cont'd)

program (described elsewhere) which calculates the attenua-
tion vs, altitude at any fixed frequency in the millimeter-
to-submillimeter wave region,

The calculations were performed on the XDS Sigma g
Computer at RRI by means of APL programs which are listed
and explained in the report, Several sets of published

transition moments, and lower state energles for each set
of molecular constants employed; tabulations of rotational
state sums vs, temperature; line parameters for each of the
three isotopes studied, Scparately; and a list of the 318
absorption lines below 300 cm™! whose Strengths exceed

3.7 E=30 em™ ! per molecule cm~2 at 296K,

UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE(When Dote Entered)




RIVERSIDE RESEARCH INSTITUTE

AUTHORIZATION

This report describes work performed at
Riverside Research Institute by M. Greenebaum
with the assistance of D, Koppel and S, Rosen-

berg. The report was written by M, Greenebaum,

This project is sponsored by the Advanced
Research Projects Agency of the Department of
Defense and administered by the U, S. Army

Missile Command, Redstone Arsenal, Alabama,
under Contract No. DAAHO1-T74-C-0419, Mod. P0O0009.

Submitted by: Approved

M. King . F., Konig, J
Manager, Optics Research Director
Laboratory

T-1/306-3-14 -iii-




RIVERSIOE RESEARCH INSTITUTE

ABSTRACT

Calculations are described which yield
absorption line parameters for the three iso-
topes of molecular oxygen: €0, 1©0!®0, and
'80,, in the format of the AFCRL Atmospheric
Absorption Line Parameters Compilation., The
line parameters are: transition frequency,
integrated line strength at 296K, line width,
lower-state energy, and identifying quantum
numbers. These parameters are required as
input to the SLAM program described elsewhere
which calculates the attenuation vs, altitude
at any fixed frequency in the millimeter-to-
submillimeter wave region,

The culculations were performed on the
XDS Sigma 9 computer at RRI by means of APL
programs which are listed and explained in the
report., Several sets of published molecular
constants were used to obtain an estimate of
the degree of reliability of the resulting line
parameters. Appendices include the predicted
transition frequencies, transition moments, and
lower state energies for each set of molecular
constants employed; tabulations of rotational
state sums vs, temperature; line parameters for
each of the three isotopes studied, separately;
and a list of the 318 absorption lines below

1

300 cm™ ! whose strengths exceed 3.7 E-30 cm™
per molecule cm “° at 296K,

T-1/306-3-14
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THE CALCULATION OF MILLIMETER AND SUBMILLIMETER

WAVE ABSORPTION LINE PARAMETERS FOR THE MOLECULAR

OXYGEN ISOTOPES: %®0., %0120, AND 0.

Introduction

This Technical Report describes a portion of the calculations

per formed at RRI on the atmospheric propagation characteristics

of electromagnetic radiation of millimeter and submillimeter
wavelengths. The calculations described here are those of a

set of absorption line parameters for three isotopes of molecu-
lar oxygen: ©0., 1€0%80, and 02, These line parameters are
required by the SLAM program (described in a separate Tech. Re-
port) to calculate the attenuation yvs. altitude at any fixed
frequency in the covered wavelength region, The line parame-

. per molecule

ters are: frequency (cm '), strength at 296K (cm_
per cm”), linewidth (cm * per atm), and lower state energy
(ecm™ %) for each transition, labelled by the appropriate quantum
numbers, date of calculation (month, year), isotope, and species
(7 for oxygen). The calculations were done on the basis of
several sets of published molecular constants!”™” by means of
AFL programs written for the XDS Sigma 9 computer at RRI. The

programs are listed and explained in this report,

The succeeding sections of this report discuss the molecular
theory of the oxygen molecule, the calculation of line positions,
lower state energies, and integrated line strengths, evaluation
of line widths, and the format of the line parameters listed in
the Appendices. In addition to the line parameter listings (for

all isotopes except 160170), the Appendices contain the foliowing:
g

T-1/306-3-14 =
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a brief summary of APL notational conventions, predictions

of transition frequencies and lower state energies to 9-digit
accuracy (both in GHz and in cm™ !) for each set of molecular
parameters employed, a tabulation of rotational state sums vs.
temperature, and several other listings of general interest,
but not required in the body of the report,

cular Theo of t n Isoto

The first essentially correct theoretical treatment of the
fine structure of the molecular oxygen ground state was that of
Tinkham and Strandberg.® This theory (applicable to '®0. and
180.) predicted that, in addition to the well-known microwave
spectrum, oxygen also possessed a "forbidden" submillimeter spec-
trum, and made predictions of the line strengths, The essential
correctness of the theory (with the exception of the strength
prediction for one type of "forbidden" transition) was shown
by Gebbie, et al.,® on the basis of laboratory measurements at
low resolution, as well as by the observation of atmospheric
absorption at high altitudes using the Sun as a source.®’1°
In his recent thesis, Steinbach has succeeded in clarifying the
theory with the aid of the transformation theory for spherical
31 and it is based on Steinbach's formulation
that the RRI calculations of line strengths have been performed,

especially since it places *©0'®0 on an equal footing with the
711

tensor operators,

homonuc:lear isotopes,

The basic physical features are as follows: None of the
oxygen molecular isotopes possess a permanent electric dipole
moment, For the 1692 and 180, isotopes, this follows from the
homonuclear symmetry, whereas for '®0'®0 (as well as 1®0%70),
this is an experimental fact.l! The electronic ground state
being agg-, the average (electronic) orbi:al angular momentum
vanishes (A = O)--although there is an instantaneous non-zero I
value of the orbital angular momentum which produces a Precessing i
magnetic dipole moment of orbital origin., Since the electronic

T-1/306-3-14
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ground state is a triplet state, the total electronic spin is
S = 1, so that molecular oxygen has a permanent magnetic dipole
moment of approximately two Bohr magnetons.l The oxygen mole-
cule interacts via this dipole moment with the magnetic field
associated with an electromagnetic wave., It has been noted by

several authors®’i!’?!®

that oxygen is capable of very strong
atmospheric absorption of electromagnetic radiation despite the
weakness of magnetic dipole transitions relative to electric

dipole transitions (by two or more orders of magnitude, in gene-

ral) by virtue of its abundance (21% by volume of air at g A
altitudes), (By way of contrast, water, with the large elec-
tric dipole moment of 1.9 Debye units, decreases rapidly in

concentration with altitude above 3 km,)

As is typical for microwave and submillimeter wave abcorp-
tion, the molecular oxygen absorption frequencies in this region
are associated with changes in the rotational energy of the mole-
cule, with no change taking place either of the vibrational or of
the electronic state. (At room temperature, both the ground
vibrational state and the first excited vibrational state are
significently populated and are taken into account in these
calculations.) The energy in any given rotational state is the
igm of three terms: the pure-rotation term, Hrot = BNZ2 (where
N is the rotational angular momentum operator describing end-
over-end rotations of the molecule, and B is the rotational
parameter--itself a function of N when "stretching", i, e.,
rotation-vibration interaction, is taken into account); a spin-

. , . 1 1 - - -
rotation (or spin-orbit™) term, H . = uN-S (where S is the

total electron spin operator, and | is the spin-rotation coupl-
ing parameter--likewise N-dependent under centrifugal stretch-
ing); and a spin-spin term, Es-s = (2/3)%(3Szz-§2) (where S, is
the body-fixed component of S along the internuclear axis of

the molecule, and A is the spin-spin interaction parameter, com-
parable in magnitude to B). A spectroscopic convention is fol-

iowed here: not only frequencies, but also energies and rotational,

T-1/306-3-14 N
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spin-rotation and spin-spin interaction parameters, are expressed
in frequency units: GHz or cm ', Note that the speed of light

is 29.9792458(1.2) GHz per cm ,*3 so that 1 cm™ ' ~ 30 GHz,

180

Since the nuclear spins of 180 and of are zero (I = 0),

. nc hyper fine energy term appears in the Hamiltonian. For 170,

however, I = 5/2, enormously complicating the spectrum of 20*70
relative to that of *€0'®0, 1€0,, or 20,,%*"'® The hyperfine
spectrum of 2070 (as well as the 2eeman effect in the presence
of a d-c magnetic field, for all isotopesll) will be treated in
another Technical Report,l7 based on some results by Steinbach, *®
The relative abundances of the various isotopic species of

molecular oxygen are given in Table I,
Therefore, restricting our attention to oxygen molecules

with I = 0, there are only three angular momentum operators to

' consider: E; the rotational angular momentum, §; the spin angu-
lar momentum, and 3 =N+ §; the total angular momentum, J
enters because the spin-rotation term may be rewritten as a
function of N2, $2, and J2 alone, since N°S = (1/2)(N2+52-32),
As is well-known,!?8212s18 the ordinary microwave absorption
spe:trum of 0> can be explained to a good first approximation
by assuming the spin tightly coupled to the rotation in a pure
Hund's case (b) fashion., However, such a coupling scheme fails

to predict the existence of the submillimeter absorption lines

and also fails to reproduce all the details of the observed

ly 19

microwave spectrum, Consequently, Tinkham and Strandberg

performed the energy calculations in a Hund's case (a) basis

(in which J, N, S, and Mg are good quantum numbers) and trans-

formed to a Hund's case (b) basis (in which J, Mg,
1

The calculations are fairly involved,

N, and € are
good quantum numbers).
and the expressions needed to calculate transition strengths

contain typographical errors, but (with the exception noted
by Gebbie et al,® and independently by Steinbach'!) their numeri-
cal values for the transition matrix elements (line strengths)

== T-1/306-3-14
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Table I: Relative Abundances of thte Isotopes of Op

Isotopic Species Relative Ahgndgncga

: 160180 0.99519
| 1eoteg 4. o7.107°

legl7g 7.38°1074

.180180 4.16.10"6

170l8g 1.51-107°

170170 1.37-10°7

2 Based upon the following isotopic abundances of atomic oxygen:
180: 99.759%, 170: 0.037%, *©0: 0.204%

Reference: Handbook of Chemistry and Physics, 52nd Ldition,
1971-1972, Chemical Rubber Co,, Cleveland, Ohio,

T™-1/306-3-14 -5-
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agree with those of later workers.?’ A different approach has
been taken by Steinbach”’*? based on earlier (but incorrect?®’?2)
calculations by Hill and Mizushima.'® In this approach, all
calculations are carried out in a Hund's case (b) basis, and
one finds the matrix elements of S_ in this basis. Steinbach®!
performed the calculations by using the theory of irreducible
tensor operators as summarized by Ccok and DeLucia’2? to obtain
explicit algebraic expressions for the eigenvectors descriling
the stationary energy states:

lv> = af J,M;,N=J-1,8> + 8| J,M_,N=J,S)> + 7| T M, N=J+1, 8>,

wavi(d)

in terms of the three parameters, a, B, and ¥, using the Wigner
6-j symbols, The fact that (with one exception) either a or ¥
is nearly 1 while the other is almost (but not quite) zero'?
means that oxygen is "almost" Hund's case (b), but that N has
ceased to be a '"good quantum number" except for "diagonal states
(corresponding to ao = ¥o = 0, Bo = 1 in Steinbach's notation®l),
as noted earlier by Mizushima and colleagues®’ %6719 ang by

J’

Tinkham and Strandberg.l In these calculations, the molecular
rotational, spin-spin, and spin-rotation parameters, B, A, and
L, are assumed to depend as follows on N and J:326:11,19

B = Bo *+ BiN(N+1) + BoNZ(N+1)2 + *°°

AN = Ao + MN(N+1) + < for N = N!

L= o + uiN(N+1) + matrix elements,

>
]

No + A1(T2+THL) + e for N # N', N = J+1

matrix elements,

oon(?.)
The seven parameters, Bo, Bi, B, Ao, M1, Wo, and M1 are

obtained by fitting observed transition frequencies to the model
1-7

Hamiltonian, supplemented by calculations of the isotopic

T-1/306-3-14
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dependence’® of these parameters, where required, 7? 11221 7ppe
separation between the lowest rotational levels in the ground
vibrational state (v = 0) and in the first excited vibrational
state (v = 1), denoted by AG: /2 by Herzberg,*®/2% is taken to be
1556.378(7) cm™*, based upon the re-evaluation by Albritton, et
al® of electron optical®! and microwave®’* data,

These parameters, as given by Refs, 1 through 7, have beer
inserted into APL "functions" (programs) such as PARAMSTEIN,
listed in Fig, 1. A brief description of the APL programming
language is contained in Appendix A, In Appendix B, the para-
meters are explicitly given, together with the transition matrix
elements, transition frequencies, etc,, calculated from them as
discussed in the ensuing sections, Listings of two similar APL

parameter-setting programs used in the RRI calculations, PARAM-~
STEINUPPER and PARAMEIERS, are given in Appendix C,

The parameters quoted for Tinkham and Strandbergl are based

on the correspondences: B( Bo, 4¢ZB( = B1, B> = 0,

0)T-s 0)T-8
R(O)T—S = ho, u‘ale_S = M, Uy p.g = Ho, H1 = 0. (See Ref, 1,

footnote #1.) The parameters quoted for Albritton, et al® are
based on electronic optical data®!® for v = O, and on ground-state
microwave data®’* and upper-state electronic optical data®! for
v=1, (See Ref, 5, p. i16, Table IX,)

Line Positions and Lower State Energies

Except for an arbitrary additive constant, the eigenvalues
of the Hamiltonian operator in the stationary states lwi> are
the allowed energy levels, (Different authors’3’5 choose dif-
ferent additive constants.) We follow the calculational scheme
of Mizushima, et al,® *>°® and Steinbach and Gordy”s*! in which
the eigenvalues are obtained by solving the secular determinan-
tal equations:

IH.‘L.'I. - E I = 0, Hll = < J=O:MJ,N=1:S l H l O:MJ’J-’S >: 000(3a)

T-1/306-3-14
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3 V PARAMSTEIN;VECBO;VECB1; VECB2,VECLAMO;VECLAML ; VECMUO; VECMU1
A 'REFNO' IS 7, CORRESPONDING TO V. STEINBACH AND W. GORDY, PHYS.
a RZV. A, VOL. 11, NO. 3, PP, 729 TO 731, MARCH 1975.
VECBO+43.10046 40,707408 38.31373

VECB1+ 0.00014501 ~0.000129 ~€.000115

VECH2+«0 0 O

VECLAM0+59,501342 59.,499097 59.496698

VECLAM1+5.848E"5 5.312E"5 5.211F75

VECMU0+~0.252586 ~0.238488 ~0.224439

VECMU1+~2.47577 T6.19277 T3.S51E77

REFNO+17

IS0+~66 68 88

ISOTEXT+3 70" !

TSOTEXT(1: }+'016=016"';ISOTEXT(2;1+'016=018"; ISOTEXT(3; )+'018=018"
INPUT:'PLEASFE TYPE ISOTOPE CODE: 66, 68, OR B8'

X« IS0

+(X>p150)/INPUT

Bo«VECBO(X]

(18] BileveCBi1(X]

(19]) B2+VECB2[(X]

(20] LAMO«VECLAMO[X]

[21] LAMi1<VECLAM1[X]

[22) MUO«VECMUU(X]

(23] MUi«VECMU1(X]

(28]

NN E WN P O b e e e e e

(el ool NNl Nl lala Nl e lalala s

A 5 D DN E W

THE PARAMETERS OF MOLECULAR OXYGEN ACCORCING TO STEINBACH AND GORDY (1975),
REF. 7, ARE AS FOLLOWS FUR ';ISOTEXT(X;1;"':

(25) 'HO = ';BO;' GHZ; °
(26) '81 = ';B1;' GHZ; '
[27) 'H2 = ';B2;' GHZ;

'
[28) 'LAMO = '[LAMO;' GHZ; !
[29] 'LAM1 = ',LAM1;' GHZ;

'
[30] 'MUO = ';MUO;' GHZ; '
(311 'MU1 = ";MU1;' GH2Z.

'

[32] TEMP+296

(33) 'TEMP = ';TEMP;' REFPNO = ',REFNO;' ISOTOPE = ';IS0[X)
[au] NINPUT+ 142%x(127)

(3s] =+(x=2)/0

[36]1 NINPUT+T1+40

Fig. 1: Listing of APL function PAFAMSTEIN

=8- T-1/306-3-14
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a-E 0 d
O b-E 0

= 0, where J # 0, and, ...(3b)
d 0 c-E

under the simplifying assumption*~7’1! that B> = 0,

(]

a =< J,M;,N=0-1,5 | H| J,M_,N=0-1,5 >

2 J,
= BoJd(J-1) + B1J%(J-1)2 + Ho(J-1) 4 pad(Jg-1)2

+ [(2/3) - 23/t20+1)] [ n, + Ma(a-1)],

b =( J, M ,N=J,S | H | J, M, N=J,5 >

= BoJd(J+1) + B1J2(J+1)2 - g - wad(J+1)

+ (2/3) L ho + na(a+1)],

c =< J,M;, N=J+1,5 | 4 | J, M5, N=J+1,s >

Bo(J+1) (3+2) + Bi(J+1)2(342)2 - o(g+2) - na(J+1) (g+2)2

+ [(2/3) - 2(3+1) /(20+1)] L 2o + n(3*1)(9+2)], and

o]
|

= < J:MJ: N=J+1,S , H l J:MJ:N=J"1:S >

2 I(3+1) (20+1)™* [ ag + A (T2+3+1)] .e.(3c)
In terms of a, b, ¢, and d, the energy eigenvalues and the cor-

responding eigenvector coefficients e, B, and ¥ in Eq. (1) are
given by:ll

Hi1 = 2(Bo + 2B;) - 2(uo + 2u1) - (4/3)(no + 2n1) ,

@y = By =7, = 0; ...(4a)

Eo(J) = n, % =0, Bo=1, 75, =0; ... (4b)

E,(3) = (1/2)(a*c) + V(1/4)(a-c)® + a= ,

°y = 4/ y(a-E )% + &% | B, = o, Yy = o, (B, - a)/a .

T-1/306-3-14 -9-




RIVERSIDE RESEARCH INSTITUTE

Egs. (3) and (4) are contained within the APL program ABCD
(lines 11-36 in Fig, 7, p. 24%). (This program computes the tran-

sition matrix elements, as discussed in & later section,)

More generally, for B» # O, the energy levels are given by
Eqs. (5) of Ref, 3, as corrected by Steinbach” and Mizushima®“:

E(J=N=n) = Bon(n+1) + Bin®(n+1)2 + Bon®(n+1)°® + 2Ao/3
+ 2an(n*1)/3 - .o - .in(n+1), ... (5a)
E(J=n-1) = Bo(n®-nt+1) + B1(n*-2n3+7n%-6n+2)

+ B2(n®-3n°+18n*-31n"+33n%-18n+4) - Ao/3
- a(n-n+h)/3 - 3.0/2 - u1(Tn®-Tn+h)/2
+ [ [(Bo(2n-1) + Bi(4n®-6n2+6n-2)
+ B2(6n°-15n%+32n°-33n%+18n-4) - Ao/(2n-1)

- A(Tn®=Tn+4)/(6n-3) - .o(2n-1)/2
- .1(2n®-3n"+9n-4)/2] 2
+ 4 (Ao + AM(n®-n*1)] 2 n(n-l)/(2n-1)2]

...(5b)

1/2
]

E(J=n+1) = Bo(n%+3n+3) + B1(n*+6n3+19n+30n+18)
+ Ba2(n3+gn>+48n*+153n3+2794%+270n+108) - Ao/3
- M (n®#3n+6)/3 - 3.0/2 - L1(7n%+21n+18)/2
= [_[Bo(2n+3) + B1(4n°+18n2+30n+18)
+ Bo(6n°+45n*+152n°+279n“+270n+108)

- Ao/(2n+3) - A1(7n®+21n+18)/(6n+9)
- to(2n+3)/2 - u1(2n%+9n3+21n+18)/2] 2

1/2
v 4 Do+ naln®+3003)T 7 (nv1)(nv2)/(2043)2 | 7.
...(5¢c)
where n (denoted 'n' by Steinbach®! and K by Tinkham!) is an
-10- T-1/306-3-14
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"effective® (or pseudol’) quantum number" such that n—N in the
limit, A/B~0. In the APL program GENGHZ, listed in Fig. 2,
Eqs. (5) are used to compute the energy levels, ENN = E(J=n)=Eo,
ENNMINA = E(J=n-1) = E,, and ENNPLUL = E(J=n+1) = E_, all in
gigahertz (GHz).

. -y : + .
The microwave transition frequencies, f~, are characterized

by the selectioun rules,
AK = 0, AJ = + 1 (Microwave spectrum) (6a)

and are given by:

+
f =Eo - E

ENN - ELP (6b)

FP = ENN - ENNPLU1

f = Eo - E;, = FM = ENN - ENNMIN1

ENN - ELM (6c)

These frequencies are included in Appendix B ( following the
output format governed by the APL program PRINT6002), together
with the lower state energies, ELP and ELM, relative to the
ground state, which is (K=1, J =0) in 160, and 80, and is
(K=0, J=1) in *®0'®0. As is well known, 8’21 the homonuclear
symmetry Of 180, and 180, permits only odd-K states to exist,
whereas two sets of states, one even in K, the other odd in K,

exist in ®oteo,

The program GENINVCM (Fig. 3) converts the energies to the
units of em~}, i. e., NUNN, NUNNMIN1, and NUNNPLUL are in cm
relative to the ground state, and NUNPLU and NUNMIN are the tran-

sition frequencies in cm 1,

The submillimeter absorption frequencies are characterized
by the selection rules,

AK = 2, AT =0, 1 (Submm spectrum) (7a)

and occur as triplets. With upper states denoted by a single
prime (K', J'), and lower states by a double prime (K'!', J''),
we label the transition frequencies as follows:

T-1/306-3-14 _11-
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Listing of APL function GENGHZ
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GENINVCHM

THIS FUNCTION GENERATES THE ROTATIONAL ENERGY LEVELS
AND MICROWAVE TRANSITION FREQUENCIES IN INVERSE CENTIMETERS.
I? CALLS GENGHZ AS A SUBROUTINE, AND CONVERTS TO INVERSE CM
3Y USING AS THE SPEED OF LIGHT, SPEEDOFLIGHT=29.9792458(1.2)
GIGAHERTZ PER INVERSE CENTIMETZR (1973 VALUE).

THE ENERGY LEVELS ARE CALLRED NUNN, NUNNMIN1, AND
NUNNPLU1, WHILE THE N+ AND N TRANSITION FREQUENCIES ARE
CALLED NUNPLU AND NUNMIN, RESPECTIVELY. THE 1(0) STATE (FOR
WHICH N=1, J=0) IS TAKEN AS THE ZERO ENERGY LEVEL.

IN THE CASE OF 016=018, THE 0(1) STATE (FOR WHICH
A N=0, J=1) IS TAKEN AS THE ZERO ENERGY LEVEL.

GENGHZ

SPEEDOFLIGHT+29.97924 588 (UNITS: GHZ PFR INVERSE CHM)
+(NINPUT[1])=0)/CONTINVE

E10(1)«ENNPLU1(1]
CONTINUE:NUNN«(ENN-F10(1])#SF SEDOFLIGHT
NUNNMIN1«(ENNMIN1-E10(1]))+SPEEDOFLIGHT
NUNNPLU1+(ENNPLU1-E10{1]))+SPEEDOFLIGHT
NUNPLI«NUNN-NUNNPLU1

WUNMIN«NUNN-NUNNMIN]

+(NINPUT[1])=0)/0
AURMIN(L)«NUNPLULL)«NUNN(1)«NUNNMIN1(1 )« NUNNPLU1[1 j*O

» »>®» ®» »>»D>D»®» »>PDP

Fig. 3: Listing of APL function GENINVCM
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NUF: K!' = K''+2, J'-1 = g1t = gr1 (7p)
NUG: K' = K''+2, J' = Jgrt = Kr14q (7¢)
NUH: K!' = K'i4+2, J'-1 = g1t = Ri14q (74)

The program SUBMMO2 (Fig. &) calculates, in cm™ !, the tran-
sition frequencies, NUF, NUG, and NUH, as well as the respective
lower state energies, ELF, ELG, and ELH = ELG, relat.ve to the
rotational ground state (K =1, J = 0 for ©0, and 180,, K = 0,

= 1 for *©0'%0), The results of these calculations for the
various sets o: values of the molecular parameters, Bo, B, etc,,

are included in Appendix B, together with the equivalents of
NUF, NUG. and WUH in GHz.

For the rotational band lying above the first excited
vibrational stnte, the lower state energy relative to the true
ground state (for v = 0) is given by A4Gi/2> plus the energy rela-
tive to the rotational ground state, e. g., ELF. This considera-
tion is important when computing the line strength, and is taken
into account in our calculations (via LINESTRENGTHROTVIE,
AFCRL5K15UPPER and AFCRLEOKLUPPER (see Appendix A)).

In Appendix B, the "laser-magnetic-resonance' or Raman
lines studied by Evenson, et al*’® are also listed. These
lines are characterized by:

ERL: K' = K142, J' = Kt, gt = ger | (8)

The root-mean-square deviation between the Raman lines cbserved
to date® and the various predicted frequencies is also given in
Appendix B, These lines are of no concern in calculations of
atmospheric absorption by molecular oxygen.l7

Line Strengths

The general expression for the integrated line strength of
an isolated magnetic dipole transition between an initial state,

|¢l> (lower state in absorption), and a final state, ny> upper

state in absorption), taking into account both absorption and

-14- T-1/306-3-14
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SUAIHO 23N ENJ 3 EQVHINUS s ENJPLUS;ABO;AB1:AB2;AL1;AN1 ;BB1;882;8L11 s BMO; BM1 ;MESS0;MESS1 ;MESS2;ARG1  £DF EDG; 04
HIS PROCRAM CALCULATES THE TRANSITION FREQUENCIES,

WUF, WUG, AND NUH (IN THE SUBMM REGION), AND THE ENERGIES

OF PHZ RESPECIIVE LOWER STATES, ELF, ELG, AND ELH,

ALL GIVEN IN INVZRSE CM. INPUTS REQUIRED: Bo, Bi, B2,

LAMO, LAM1, MUO, AND NINPUT.

a (EXAMPLE: KINPUT+((2=1 27)-1) PRODUCES 1 3 5 ...51 53.)

‘REFNO = ";REFNO

‘WINPUT: ';NINPU?

Ble-(181)

B2«=-(|B2)

MUOe-(|MUO)

MULe-(1MUL)

He NINPUT ,(NINPUT ¢2)

SNJe( BOxNx(N+1))+(B1x(Ne2)=((N+1)=2))+(2xLAMOU-. rouLAM1xNx(N+1)¢3)-(MUO+ (MUIxN®(N+1)))

ONSeENS 2 (82x(Ned)x((Ne1)e3))

EHNe((pN)#2)+ENS

ABO«(Ne2)+1-N

AB1e(Hou)+(7x(Hu2))e2-((2%(N23))+(6xN))

4820(.'I'G)H18'(”"&))'(33'(”'2))"0-((3-(!*5))v(31l(ﬂﬁ3))'(IB"))

ALle(de2)+u -l

AMie(7x(Nw2))eu-(7xN)

BBle(4x(Ne3))e(6xN)-((6x(Ne2))+2)

BB2«(6x(Na5))e(32x(Ne3))+(18xN)-((15x(Nek))+(33x(Ne2))+4)

8L11+(6=N)-3

HMO*ii-2.5

aM1e(2x(He3))+(InN)-((3x(Ne2))e4)

245550*(601‘30)'(31"31)0(52"323'((LAM003)Q(LAMI'ALI.3)’(3'”1}0‘2)0(0.5!”1/1!‘"1))

.'J.*.‘a'b‘lt(dﬁ-((2-.’1)-1))*(31"881)-((LAMOO((2'”)-1))0((LAM1=AM1)|8L11)O(HUOIBMD)O(O.SIHlllIB.Ni))

MZSS1+MESS1+(827882)

MZS52+(LAMO)+(LAM1=ABO) <

ARG1+(MESS102)+(4x(MESS292)=Nx(N-1)x(((2xN)-2)* 2))

ENJMINJS*MESS0+(ARG1+0.5)

E10eMESS0eMESST

ENNMIN1+((oN)*2)*ENJMINUS

ENNMIN1I(1])eF10(1)

ENJPLUS+MESS0-(AH4G1%0.5)

ENNPLU1+((pN)#2}+ENJPLUS

a EDF, EDG, AND EDH APE IN GIGAHERTZ

EDP«(( (oN)+2)+ENJMINUS)-ENN

EDG=(((oN)#2)¢ENJMINUS)-ENNPLU1

EDH«(((pN)+2)4ENJ)-ENNPLU1

+(N#01)80)/CONTINVE

ENNMIN1(2])+E10[2]

F10(1)+ENN(1 J+ENNMINI(1]=ENNPLU1(1]

EDP[ 1 ]+0

CONTINUE : SPEEDOFLIGHT+29.9792u58a [G4Z PER INVERSE c™]

» ELF, ELG, ELH, NUF, NUG, AND NUH ARE IN INVERSE CM.

ELF~(ENN-E10(1))¢SPEEDOFLIGAT

ELG+( ENNPLU1-E10(1])+SPEEDOFLIGHT

ELH*ELG

NUF+EDF +SPEEDOFLIGHT

NUG*EDG+SPEEDOFL IGHT

NYH*EDH4SPEEDOFLIGHT

Fig. 4: Listing of APL function SUBMMO2
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stimulated emission under equilibrium conditions at (Kelvin)
temperature T, is as follows, in units of cm !{molecule cm~2)~1,

S(1) = B o 1<yl Tl 12 (7B/%T | Be/KTy sy, (ga)

where h = Planck's constant = 6.626176(36):10"27 erg sec,
¢ = vacuum speed of light = 2.99792458(1.2):10° cm sec™?,
transition frequency (cm 1),

<
]

E; = energy of initial (lower) state (ergs),

E; = energy of final (upper) state (ergs),

Q(T) = total partition function (state sur) (dimensionless),
and the dipole moment operator is summed over all degenerate
levels possessing the same initial and final state energies, 18
Rewriting Eq. (9a) in terms of the dimensionless transition
strengths, I(K'',J'';K',J'),' and recalling that E¢ - E; = hco,

82
= (g " BBohr)z I{K'',JV1;K!,J1) v, o~E' ' (hc/xT)

s(T) 3hc s

. [ - e~*olhe/kT) o0y (9b)

free-electron g factor = 2:1,0011596567(35),
Bpohy = Bohr magneton = 9.274078(36) 1072 erg gauss™ 1,
hc/k = second radiation constant = 1.438786(45) cm K,
E'"' = Ei/hc = lower state energy (cm™?)

where gse

3

and Q(T)= [Z (2K+1)exp( -NUNN.hc/kT) + (2K-1) exp( -NUNNMIN1 . hc/kT)
+ (2K+3)exp(-NUNNPLU1-hc/kT)] ; QV(T),
Q,(T) *# [ - exp(-861/2+he/kT)] ~* (p.123, Ret. 18), —
since for each value of J, there are (27 + 1) degenerate levels,?!
(Recall that NUNN = (Eo - Egrnd)/c, NUNNMIN1 = (E_ - Egmd)/c,
and NUNNPLUL = (E_ - Egrnd)/c, in the notation of Eqs., (6).%1)
The values adopted for the fundamental constants are those of
Ref, 13. The use of the free-electron g factor is consistent
with our neglect of the Zeeman effect;'’4’11317 an orror in s(T)
of less than 1 part in 10* is incurred thereby, while we only
require answers correct to three decimal places--to be consistent

-16- T-1/306-3-14
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with the accuracy of the AFCRL Atmospheric Absorption Line Para-

meters Compilation®® which these computations are intended to

supplement,

In the microwave region (but not in the submillimeter wave
region), vo << kT/hc, so that one may replace the factor in square
brackets in Eq. (9b) by its linear approximation, leading to the

well-known microwave approximationsls1s12

.82 e e -E! 'hec/KT
s(T) * %k_'f (96° Bpony)® (K1, 311K, T1) ¥o© Jﬂ?ﬁ)—l—l

(Microwave approximation) ...(9c)

(Note that in the optical region, the fcctor in square brackets
in Eq. (9b) is approximately unity, i, e., the induced emission
term may be neglected at 300K and below, as in Eq. (3) of Ref. 23.)

Choosing T = TS = 296K, the standard temperature of the
AFCRL compilation,2® the thermal energy expressed in wavenumbers
is kT/hc = kTs/hc = (296)/(1.438786(45)) = 205.729(6) em , so
that Eq. (9b) becomes:

S(T =296K) * 1.4353:10722 I(K'',J'1;K!,J') vo exp(-E''/205.729)

+ [1 - exp(-v0/205.729)] /Q(T =296K).
...(94)

Since we desire our computea line strengths to be consistent
with those of AFCRL, 2% we must multiply S(Ts) by the relative
isotopic abundance of the molecule (our Table I, or Table 3 of
Ref. 23), which is 0.99519 for the dominant isotope, 180,, De-
noting the resulting quantity by Sn&Ts), whose units are cm *
per molecule of mixed oxygen per cmz, we obtain an expression
like Eq. (9d) with the numerical factor in front replaced by
the quantity, 1.4283967-1072% (retaining extra digits to avcid
round-off error) which appears in line 22 of LINESTRENGTHZ
(Fig. 5).

The rotational state sum Q(T)/QV(T) is evaluated by summing
Eq. (10) through K = 79 in the program ISOSTATESUM (Fig. 6), and

T-1/306-3-14 17-
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Fig. 5: Listing of APL function LINESTRENGTH2
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Y fSOST%TESUM;KT;HIHPUT;TERMI;TERM2;TERM3;TEWM

[1] A THIS PROGRAM COMPUTES THE ROTATIONAL PARTITION FUNCTION
(2] A OR STATE SUM FOR MOLECULAR OXYGEN. IT? IS5 BASED ON THE ENERGY
(3] A LIVELS OF STEINBACH AND GORDY. THNE PROGRAM SETS TEZMP EQUAL
(4] A T0 KELVIN TEMPERATURE TYPED IN RESPONSE TO 'QUAD' (]}) PROMPT.

A AT 296K, THE LAST TZERM INCLUDED IN THE STATE SUM FOR 016=01%6

A CONTRIBUTES ONLY 8.06FE 17; FOR 016=018, THE LAST TERM IS 8.40E5"16.

NINPUT+((2x140)-1)

+(X22)/ SKIP

NINPJT+(180)-1

SKIP:GENINVCH

YPLEASE TYPE IN RELVIN TEZMPERATURE: !

TR Pe]

KT+205.729x(TEMP+296)

T H1+(1+2XNINPUT)X(*((-HUNN)%KT))

TRRM 2+ ( 142xNINPUT ) x(*(( -NUNNMIN1)%+KT))

TERM3+(3+2XHIHPUT)x(*(('HUNHPLUI)*KT))

+(X22)/ADD

TERHIEI]*TERM2[1]*O;TERM3[1]*(TERV3[1])*3

ADD:TERM+ TERM1 +TFERM 2+ TERM3

SiMd«+ /TERM

CLASSICAL+(1. SxKTxSPEEDOFLIGIT):B0

'ROTATIONAL STATFR SUM = 'S S5UM; Y (EXACT VALUE)!

+(X=2)/BYPASS

'"OLASSICAL APPROXIMATION = (3:2)x(XT+BO)xSPREDOFLIGIT = ''sCLASSICAL

CONTIRUR:RATIO«SUMCLASSICAIL

'RATIO = ',RATIO

'‘TEMPERATURE = ', TEMP; 'K, ISOTOPE = ';ISOTEXT(X;1;'."

+0

BYPASS:CLASSICAL+«2xCLASSICAL

'"CLASGICAL APPROXIMATION = (3xXT+BO)xSPEEDOFLIGHT = "'ZWCLASSICAL

+(X=2)/CONTINUE

Fig, 6: Listing of APL function ISOSTATESUM
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compared with the classical values,l’la’le 3kT/2hcBo for 1€0»
and *02, and 3kT/hcBo for 10280, (The state sum contains

twice as many rotational states in a heteronuclear diatomic mole-
18)

cule as in a homonuclear one, Appendix D lists some results.

The vibrational partition function QV(T) has been approxi-
mated by unity at T = T ™ 296K, This is consistent with the
AFCRL approximation of Q (T_.) # 1.000 (Table 2, Ref., 23), More
precisely, in the harmonic oscillator approximation given by
Eq. (10), [Q (T =296K)] ™" = 1 - exp(-2G1/2-he/kT,)

= 1 - exp\-1556.378/205.729)
£ 1 - 5,1818:10™% = 0,999482, (a1)

leading to an overestimate of 5,2 parts in 10* in the values for
Sm(Ts) as given in this report. Thus, the third decimal place
in the line strengths tabulated in this document will be in
error by one unit, at most,

We now turn to the calculation of the normalized transition
matrix elements (squared), I(K'',J'';K',J'), i. e,, of the quan-
tities F, G, H, PP, and MM in lines 27-31 of LINESTRENGTH2,

Transition Matrix Elements

Steinbach®! has shown that the normalized magnetic-dipole
transition matrix elements, both those for the microwave "fine
structure" (or spin-reorientation®®) transitions and those for
the "forbidden" submillimeter rotational transitions, may be
written in terms of the Wigner 6-j symbols®©®’24 and the eigen-
vector coefficients, a and Y, appearing in Egs. (1) and (4).
With n'(J') denoting the final state, n(J) the initial state,
i, e., employing n instead of K and dropping the double primes,
the results are displayed in Table 1I, These expressions may
be simplified further: First, we note that for fixed J # O,

e_ =7 and e = -Y_ (cf, Tables 8, 9, and 10 of Ref. 11). To
prove this formally, let us first note that d > O from Eq. (3c).
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Table II: Normalized Magnetic Dipole Transition Matrix Elements

L . . a
Transition Normalized Matrix Element

n(J) = n'(3") e T 1y 1 2/(9,° Bpop,)®

Fine Structure Transitions:

n(n-1) + n(n): 6(en-1)(ent1) v,2{ L, B 2}°
2
n(n*1) = n(n): 6(en+1) (2n#3)a,2{ L D D}
Rotational Transitions:
2
n(n) = n+2 (n+1): 6(ent1)(2n+3)a2 {1 P71 2l

2
. . = 1 n+1 n} { 1 n+l1 n+2 }
n(n+1) = nt2 (n+1): 6(2n+3) [aiaf{n-l-l 1 1t el 1 1 |

2
n(n+1) = nt2 (n+2): 6(2n+3) (2n#5) 7,2 { 1 PT2 mr2d

3 After Table 2, Ref. 11. The quantities {gi 3‘2 jJ:} are
Wigner's 6-j symbols (see Ref, 24),.
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Letting (c - a)/2d = € in Eq. (%c), we find that

xtE(Et'a)/d=E_-tV1+€:

so that x, x_ =£€% -1 - €2 = -1, and x_ = -1/%,. Letting

X, = tan 6, Eq. (4c) then states that a, = cos @, Y, =a,x_ = sin 6,
Since x_ = -1/x, = -ctn 6, Eq. (4c) also states that a_ = sin @,
Y_=198_x_ = -sin @ ctn 6 = -cos §. Thus, a_ = Yys @, = -7, QED,*

Next, using Eq. (C.36) of Ref. 24 to evaluate the 6-j
symbols, we obtain:

{ 1 & n} = En+;) . { 1 n n }2 _ n .
n-1 1 1 6n{(2n+1l) ' Int1 1 1 6(n+1)(2n*+1) °

{ 1 n+1 n} = . n . { 1 nt1 n} i = (nt2) )

n 1 1 6(nt1)(2n*1) ' Int1 1 1 6(n+1)(2n+3) ’

{ 1 n+1 nt2l _ (n+1) i { 1 nt2 n+2} F = (n+3) .
nt1 1 1 f 6(nt2)(2n+3) ' lnt1 1 1 6(n+2)(2n+5)

Inserting these results into the expressions in Table II, noting
nte ntl Y 2 .
that [:Jn+1 + Jn+2 ] = (2n+3)%(nt1)/(n+2), and replacing

n by K once again, we obtain I(K''",J'1;K!'",J') = 1< wf III.I¢i )l 2 8
(gse BBohr)z

MM = I(K,K-1:;K,K) = [ v (K-1)F (2K-1)(K+1)/K (12)
PP = I(K,K*1;K,K) = [ a_(K+1) P (2K+3)K/(K+1) (13)
F = I(K,K;K+2,K+1) = [ ¥ _(K+1) J2(2K+3) K/(K+1) (14)
G = I(K,K+1;K+2,K+1) = [ v_(k+1)P(2k+3) [ a_(k+1)

- (2K+3)2(K+1)/(k+2)  (15)
H = I(K,K+1;K+2,K+2) = [ v_(K+1)JP(2K+3) " (K+3)/(K+2) (16)

where the J-dependence of the alphas and gammas in Eqs. (12)-(16)
is indicated explicitly by their arguments in parentheses,
* From Eq. (1), it is intuitively clear that © represents the

small (but non-zero) angle in Hilbert space through which | y >
are rotated away from their Hund's case (b) approximations, =
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The equivalents of these six equations are contained in lines

41, 42, 45, and 46 of the program ABCD (Fig. 7). (To avoid
possible division by zero, the dyadic APL function X REPLACE Y

is used. It ie listed following ABCD in Fig. 7. It replaces
zero values of J and K by a small number during arithmetic opera-
tions (ABCD line 10) and, at the end of the calculations (line
41), it undoes the effects of this replacement.)

It is clear from Eqs. (14)-(16) that the submillimeter
transitions would be strictly forbidden were 7_ actually zero
(pure Hund's case (Db) coupling) instead of merely small,*! On
the other hand, Y, (and a_) are nearly equal to their case-(b)
values of unity: thus, the microwave transitions (Eqs. (12)-(13))
are negligibly affected by the deviation from case (b) coupling.l

ly 758y 11

The various types of allowed transitions are shown in

the energy level diagrams of Fig. 8.

The existence of a common factor in Egs. (14)-(16) not only
simplifies the calculation of the strengths of the " forbidden"
lines, but also enables us to exhibit the asymptotic behavior of
their relative strengths, since a (K+1) = 1 as K =@, i. e.,
F:G:H~12: 4 : 1, This is in agreement with the correspon=
dence-principle argument of Gebbie, et al.® On the other hand,
in their final results (Table VII, column 6, and Eq. (63a)),
Tinkham and Strandberg® (T-S) incorrectly and "unphysically"
predicted "F"-type transitions to be much weaker than "H'"-type
transitions,® an error carried over into the Russian literature,?
Nevertheless, the intermediate results of T-S (Eqs. (60) and
Table V) were essentially correct,! as pointed out by Gebbie,
et al.® Indeed, one easily deduces that F : H = K(K+2)/(K+1) (K+3)
both from our Egs. (14),(16) as well as from the fifth and
eighth of Eqs. (60) of T-S. 1 Thus, except for I(K,K;K+2,K+1),
our results for the transition matrix elements, given in Appen-
dix B, are in close agreement with Table V of T-S,. 4

To within the tabulated accuracy and limited spectral
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1

coverage of Steinbach's thesis,!' all of our transition matrix
elements in Appendix B agree with those of his Tables 11-13.
Steinbach has also noted'! the discrepancy of these results
with those tabulated by Tinkham and Strandberg.,? We have been
unable to ascertain whether or not our results also agree with
those of Gebbie, et al, who only give integrated line strengths

"2 atm 1.8 1In Appendix E, we list our results

in units of 10°° cm
for integrated line strengths in these units, taken to refer to
273K, so that 1(cm-atm)STP = 2,686754(84):10*° molecules/cm?, 23
The results in Appendix E exhibit discrepancies of as much as

a factor of two with the results of Gebbie, et al.,® but inas-
much as no temperature is specified in Ref. 8, the precise mag-

nitude of the discrepancies is difficult to ascertain,

Line Widths

For molecular oxygen at pressures characteristic of alti-

26  Near

tudes below 40 km, pressure-broadening predcminates.
an isolated transition frequency, pressure-broadened molecular
absorption is well-approximated by a Lorentz line shape with
half-width ¢ = ¢:°p at half-maximum points, where p is the pres-

sure, 23227

(Bold-face alphas are used to distinguish them from
the quantities appearing in Egs. (1), (4), (13), and Table II.)
Then the absorption at the peak of the spectral iine will be
given by So = S(T)/re, where S(T) is given by Eq. (9),2%°27* and
will fall off away from the peak in accordance with whatever
lineshape is most suited to the particular spectral region:2® Van
Vleck-Weisskopf in the microwave region,!? "kinetic" in the

29,30 and Lorentz or "super-Lorentz" in the

31

submillimeter region,
infrared and visible regions,

Of the line parameters required to perform atmospheric trans-

mission calculations, 22

the linewidths for oxygen are the least
accurately characterized ones, unfortunately. The experimental
values of ®o (in MHz/torr) measured for 120'®0 in the microwave

region by several investigators between 1952 and 1968 (at 300K)
* s(T) actually should ke replaced by Sm(T). (See page 17.)
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have been summarized conveniently in a review article by P, H,

Krupenie, ®2

These experimental values, converted to cm-l/atm
and rounded to tvwo significant figures, nave been employed in
the line parameter compilations for molecular oxygen contained
in this report, (1 MHz/torr = (760)/(29979.2458) = 0.02535 cm™*
per atm,) To the degree of uncertainty (as much as 25%) inher-
ent in the data,®%’°® no correction has been made for a possible
isotope effect in the line widths; instead, a crudely linear
interpolation on K was made from Krupenie's Table 34,°%2 to des-
cribe the widths expected for the even-K states in ®0'80 (see
Fig. 8), and the tabulated values themselves®? were used for the

odd-K states in all three isotopes considered,

Other than the relatively crude results in Ref. 8, no data
are available in the literature concerning the widths of the
submillimeter lines of molecular oxygen, If one assumes that
the line widths depend on the value of K in the lower state,
and one notes that "G" and "H" transitions with K'' = n possess
the same lower states as the microwave "+" transitions with the
same n (see Fig, 8), then one may safely assume that these two
types of submillimeter transition possess the same line widths
as the associated microwave '+'" transition, Somewhat arbitrari-
ly, the line widths for "F" transitions have been taken as the
arithmetic mean of the linewidths of the "+" and "-" transitions

with the same value of n,

An alternative procedure of even less accuracy would have
been to use the electron-optical data®*™>® to deduce the sub-
millimeter line widths, However, unlike the K-dependence found
for the microwave line widths, the J-dependence exhibited by the
line widths in the visible region®*"°® is unlikely to be correct

for the submillimeter lines,

For lines corresponding to higher values of K than have
been measured in the microwave region, a lower limit of 0.032

cm-l/atm has been assumed. The line widths are entered in
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lines 27-30 of AFCRLFILE (Fig. 9), lines 29-31 of AFCRL60K15
(Fig. 10), and similarly in the other "AFCRL"-format-setting
programs listed (by name and short comment only) in Appendix A.

The determination of line widths near room temperature and
| 1 atm for molecular oxygen is complicated by the demonstrated

breakdown of the independent-line approximation in the microwave

26533 7The microwave line widths have been treated in

37,38

region,
and more
3g~-42

the past by assuming ep to be pressure-dependent,
recently by means of several interacting-line theories.,
Since the microwave-line-width situation in molecular oxygen

43 it was

is under current active study at several institutions,
decided to use the Krupenie compilation®? to obtain interim
(+10 to 25%) values for the line widths, pending further results

expected during the next year,*

Line Parameters in "AFCRL Format'

McClatchey, et al®® have described their compilation of
molecular spectroscopic parameters for seven infrared-active
molecules which occur naturally in the terrestrial atmosphere.
As of 1 April 1975,%* all of the submillimeter lines of oxygen
were absent from the AFCRL computer tape, and the microwave
lines were all represented as having the line width, 0,060 cm *
per atm, It was in order to supply the data on molecular oxygen
which was missing (and is required as input to the RRI SLAM
program®3) that the chlculations described in this Research

Note were undertaken., Having performed the calculations Jdes-
cribed in the preceding sections, we therefore made use of che
APL output-formatting program AFMT (described in Ref. #g3 to

cast our results into a form compatible with the AFCRL format,2°
This was accomplished by means of the eight APL programs whose
names begin with "AFCRL" in the defined-function list in Appendix
A, Two of these (for 20'%0 in the vibrational ground state) are

* Since S{T) has been calculated fairly precisely in this report,
measurements of peak absorption in the submillimeter region should
yield line-width values which can help clarify the microwave line-
width situation (because of the relationships discussed above),
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listed in Figs, 9 and 10, The format Sspecifications in line 37
Of AFCRLFILE (Fig. 9) and line 36 of AFCRL60OK15 (Fig. 10) are
equivalent to the FORTRAN format:

FREQ STRENGTH WIDTH E!'! A J! K!
(F10.5, E10.3, F5.3, F10.3,3X,1I1,3x,12, 1X,12, 6X,
vtr oo g1t kv 1p DATE IS0 Mo

11, 3%,12,1X,12,1X%,A3, 5X, I2,2X,12,2x,11)

This format is in accordance with the one given on page 6 of
Ref, 23, except that the frequency is given to five decimal
Places (F10.5) instead of three (F10.3).

In Appendix F, the contents of the eight files generated
by AFCRLFILE, AFCRLK2, ... ,AFCRL60K35 are listed, (There are
two files each for the three isotopes (1®olép, t8ol8g, leglsg)
in the vibrational ground state (v = 0) and 1%016p i the first
excited vibrational state (v =1); one for the submillimeter
lines, the other for the microwave lines,) as indicated by the
heading at the beginning of each file listing, the line para-
meters were generated by using Steinbach and Gordy’ for the
molecular parameters (Bo, Bi, Ba, Aoy M, Mo, M1) in the vibra-
tional ground state, and Albritton, et al® for those of 168pleqg
in the v = 1 state, The APL function LINESTRENGTH2 ( Fig. 5) or
its abbreviated form, LINESTRENGTH22 (see Appendix A), was used
to compute the line strengths at 296K, (For convenience, the
vibrational partition function was ignored, i, €., set equal to
unity, as discussed above.) The line widths were derived from
Krupenie's compilation®? in the manner indicated in the preced-
ing section,

For clarity, at the top of each page in Appendix F, the
columns have been labelled with the appropriate headings:
frequency (cm™!); 1line strength (cm™ '/(molecule cm 2));: line
width (em™ ! atm™); lower state energy E'!' (cm™1), upper state
quantum numbers, v', 3', and K'; lower state quantum numbers,
V', J'', and K''; shorthand line identification (K+ or K- for

-32- T-1/306-3-14




RIVERSIDE RESEARCH INSTITUTE

the microwave lines; SF, SG, or SH for the submillimeter lines);

month and last digit of year in date of computation (75 = July
1975) ; isotope code (66 = ®0'®0, 68 = *©0*®0, 88 = ®0'®0); and
molecular constituent (7 = oxygen).

The eight files listed in Appendix F were merged into a
single file, ordered by frequency by means of a FORTRAN program
( SRWRTMERGE) which employed the XDS Sigma 9 MERGE processor.

A threshold criterion was then applied to the resulting merged
file to select only the most "significant" lines: only lines

"l per molecule cm 2

whose strengths exceeded 3.7 - 10 °° cm
(the "Existing Intensity Minimum at T = 296K" given for Oz in
Table 3 of McClatchey, et al®3®) were to be retained. (The zero
frequency "lines" of zero strength in the listings for '°0%®0
in Appendix F--artifacts arising from the manner in which the
APL programs were executed--are removed at this stage.) The
resulting file, OXYGENEXIST, is listed in Appendix G. (This
file was created by means of another FORTRAN program, NOSIG,
which allows one to remove 'cards'" whose strengths lie below

a user-specified level from any card-image file written in
"AFCRL format".)

The file OXYGENEXIST in Appendix G contains the parameters of

all "fine-structure" and "rotational" lines of the molecules,
16p18p, 160180, and '®0'®0, which can be expected to be of
significance in atmospheric absorption problems, A deck of
punched cards containing the card-image records in this file
was sent to AFCRL on 28 -Tuly 1975.

Summary and Comments

Calculations performed at RRI have been described which
give current best estimates of the line parameters of all sig-
nificant microwave and submillimeter wave absorption lines of
the molecular oxygen isotopes, ®0%®0, €020, and '®0'®0, at

zero magnetic field. The transition frequency (given to the
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nearest ,00001 cm ' 2 0,3 MHz) and energy of the lower state
(quoted to the nearest .001 cm ') have absolute accuracies on
the order of ,001 cm * as judged by the degree of consistency
between measured® ’ and predicted values (Appendix B). These
results are certainly in agreement with recent low-resolution
stratospheric Fourier-transform spectroscopic measurements®®

of the submillimeter emission by the earth's atmosphere between
35 and 200 cm ', The rms deviation between our calculated
frequencies and the twenty-seven observed lines of '©0'€0 short
of 200 cm™?* is .05 cm” !, which is within the .07 ecm”* (unapo-

dized) resoluction of the measurements.

Integrated line strengths at 296K, accurate to within one
unit in the third decimal place, have been calculated; the new
results are in apparent disagreement (Appendix E) with earlier
published line strengths® for '©0'€0, by a factor of approximate-
ly two. We note that these earlier line strengths, ® together
with the strength data on water and ozone lines from the AFCRL
compilation, ?® have been used recently to deduce the temperature
of the cosmic background radiation,*” as well as to determine
the water content of the stratosphere.*®’%® A closer look at
the data analyses may be warranted in both cases*® %® +to deter-
mine whether the deduced results are sigii} ficantly affected by
the change in oxygen line strengths to the new values we report.

The least certain parameters are the line widths, for which
we chose interim values, based on Ref, 32. The line widths in
the microwave region are currently under intensive study*l” 43
so that we should be able to improve on the line width estimates
during the next year. We pointed out that dirent study of the
submillimeter line widths could help to clarify some of the

issues attending the more complicated problem of the microwave
line widths, The line widths which we give here must be viewed
as uncertain to +10 to 25%.
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APPENDIX A

Brief Description of APL Notation and Output Formats

The intent of this Appendix is to enable the reader unfamil-
iar with APL to verify that the algebraic expressions given in
this report have been implemented properly within the APL "func-
tions" (programs), and to explain the APL output formats ir
Appendices B and E,

APLS5°752 jg an interactive, time-sharing-oriented, program-
ing language which is especially suited to working with arrays
in one or more dimensions with a minimum of looping or branching,
It uses a special symbol set,>’>2 many of whose elements have
intuitively clear meanings (e. g., the parenthesis pairs, ( and
), or the binary operators, +,-,+, etc.), but the same symbol
may play different roles, depending on the context (e. g., 0 or
P). The following rules are of principal importance in following

the APL programs listed in this report:

1. Operations are performed from right to left, with no
hierarchy between addition, multiplication, etc. In most of
the programs listed, parentheses have been used liberally to
make the resulting expressions look more like ordinary algebra.
Examples: *+ means 'multip'y by reciprocal of everything to the
right"; -/ means "sum the alternating series resulting from the
placement of a binary minus between all elements of the array
sequence beyond the slash (/)".

2. Operators can be unary or binary (+B means 'take recip-
rocal of B"; AeB means "A divided by B" where A and B are arrays

of the same '"rank" (dimensions) or scalar); functions can be

T-1/306-3-14 -31-
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niladic (e. g., GENGHZ), monadic, or dyadic (e. g., REPLACE, or
the intrinsic®!’®? function AFMT),

3. Substitution is indicated by an arrow pointing left;
M« 5 (equivalent to FORTRAN: M = 5) ig not the same as M = 5
in APL, the latter (equivalent to FORTRAN: M.EQ.5) having 0 or
1 ("no" or "yes") as a result. (If M is an array, the logical

relations return arrays of the same dimensions, filled with
zeros and ones,)

4, APL has two kinds of minus signs. Negative numbers,
such as in the exponents in Appendix C or in front of the ele-
ments of VECB1 in PARAMSTEIN, are preceded by the unary, upper-
case minus, ; negation or subtraction is indicated by the
binary, ordinary-looking, minus, -, Example: If A is 54 0 73,
the result of the operation -A is: 5 4 ¢ 3,

5. While standard texts®° °2 should be referred to for
the meanings and syntax of the special APL symbols, the follow-

ing occur sufficiently often in our programs to merit discussion:

» (comma) used as a binary operator means 'concatenate':
012, 01 produces the result 0 1 2 0 1. (See lines 27-30 of
AFCRLFILE,) Used as a unary operator (as in line 34 of ATCRL6O-
K15), it means "ravel", or string out as a vector. (The special
symbol \{ means "transpose", )

: (semi-colon) is used for separation of independent ex-
pressions, as wWell as (in headers--line 0) to indicate local

variables defined only within the program (as opposed to global
variables such as SPEEDOFLIGHT, defined "forever"),

» (asterisk) denotes exponentiation: AsB means AP (binary
operator); sB means el (unary operator).

| (vertical) denotes absolute values: | A means | A |,

v (iota) is the "index" operator, with unity as the origin:
"1 x5 produces the result 1x(1 2 345) or 1 T2 737y °5.
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p (rho) used monadically is the dimension operator:p A re-

turns an integer vector with the dimensions of A, Example:

o(2 "1 5) returns 3. (The integer vector has one element in
this case since A was a vector.) p (rho) used dyadically is

the reshape operator: Ap B returns an array whose dimensions

are given by the left (vector) argument A, and whose (initial)
values are given by the right argument B, If B does not contain
sufficient values, it is recycled. Example: 2 5 P 3 returns the

2=by-5 array, 3 3 3 3 3.
33333

t and + are the '"take' and '"drop" operators. Examples: Let
A be the array 5 3 2 4 0 3. Then 34A yields 5 3 2; 3%A yields
4 0 3. See also lines 34-39 of the function ABCD (Fig. 7).

[ and ] (brackets) enclose line numbers in program listings
and also indicate array indices. Examples: If A~ 2 31 0,
then A[3] is 1; if M is a two-dimensional matrix, M[5;] picks
out the fifth row (all columns) of M,

6. Branching is indicated by the arrow pointing right, and
the syntax is illustrated by the example: “»(x#2)/NEXT which is
equivalent to the FORTRAN statement IF (X.NE,2,0) GO TO NEXT,

7. The APL system carries out gll calculations to approxi-
mately 16 significant digits. The results are displayed rounded
off to the number of digits specified by a system command,
)DIGITS. Even after output display is called for, the full 16-

digit-accuracy is retained in the system memory.

8. The "default" output format for the vector quantities
in Appendix B is to be understood as a list, in one-to-one cor-
respondence with the array NINPUT given at the start of each
page. In Appendix E, the 'take 5" operation has been applied
before printing out results relating to Ref. 8, so that these
arrays refer to the first five values of NINPUT, (similar com-

ments hold for the experimental values of ERL in Appendix B.)

Note that trailing zeros are suppressed on display.
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TABLE A-1:

FUNCTION NAME

ABCD
ABCDLP
ABCDUPPER

AFCRLFILE
AFCRLK2
AFCRLK3
AFCRL 5K1 SUPPER
AFCRL6UK1UPPER
AFCRL6OK1S
AFCRL6UK2S
AFCRLOUK3S

COMPARAMAN
FREQLIST
GBBSTRENGTH

GENGHZ
GENINVCM

ISOSTATESUM
ISOSTATESUMLP

LINESTRENGTHROTVIB

LINESTRENGTH 2
LINESTRENGTH22

PARAYMETERS
PARAMETERSLP
PARAMSTEIN
PARAMSTE INLP
PARAMSTE INUPPER
PRINTGHZ
PRINTINVCM

PR INTSTATESUM
PRINTSTRENGTH2

PR INT SUBMMO 2
PRINTG002

REPLACE

SUBMMO 2

~40-
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COMMENT

USED TO CALCULATE TRANSITION MATRIX ELEMENTS
VERSION OF ABCD USED FOR LINE PRINTER OUTPUT
VERSION OF ABCD FOR V = | STATES OF 016=016

LISTS CINE PARAMETERS OF 0162016 FOR V = ¢
VERSION OF AFCRLFILE FOR 016=018 (v = 0)
VERSION OF AFCRLFILE FOR 018=018 (v = 0)
VERSION OF AFCRLFILE FOR 016=016 FOR V =
LISTS '60 GHZ' LINES OF 016=016 FOR V =

LISTS '60 GHZ' LINES OF 016=016 FOR Vv

1

VERSION OF AFCRL60K1S FOR 0162018 (v = ¢
VERSION OF AFCRL60K1S FOR 018=018 (Vv = ¢

COMPUTES RMS DIFFERENCES BETWEEN PRED ICTED
AND OBSERVED LASER 'RAMAN' LINES

PRINTS OUTPUT OF PARAMSTEINLP, SUBMMO2,
PRINT6002, AND COMPARAMAN (SEE APPEND IX B)
PRINTS OUTPUT OF LINESTRENGTH22 AND COMPARES
WITH RESULTS OF REF. 8 (SEE APPEND IX ()]

GEMERATES EMERGY LEVELS IN G IGAHERTZ
CONVERTS GENGHZ OUTPUT TO INV CM AND GENERATES
MICROVAVE TRANSITION FREQUENCIES (ALSO INV CcM)

COMPUTES ROTAT IONAL PARTITION FUNCTION
VERS IOMN OF ISOSTATESUM FOR LINE PRINTER OUTPUT

VERSIOM OF LINESTRENGTH? FOR 016=016, v = 1
COMPUTES LINE STRENGTHS FNR ALL OXYGEM L INES
COMPUTES LINE STRENGTHS OF SU3MILL IMETER LINES

GIVES B0, B1, 82, LAMO, LAMI, MUO, MUl ACCORD ING
TO ANY ONE OF PEFS. 1 THROUGH 6 FOR 0162016
VERSION OF PARAMETERS FOR LIME PRINTER OUTPUT
GIVE> BU, B1, B2, LAMO, LAM1, MUO, MUl ACCORDING
TO <EF., 7 FOR ANY OF THREE ISOTOPES; SETS

NINPUT AND TEMPERATURE

VERSION OF PARAMSTEIN FOR LINE PRINTER OUTPUT
VERSION OF PARAMETERS FOR 0162016, V = 1 (REF. §)

PRINTS OUTPUT OF GENGIZ

PRINTS OUTPUT OF SENIMNVCH

PRINTS STATE SUM VS, TEMPERATURE (SEE APPENDIX D)
PRINTS OUTPUT OF LINESTRENGTH?

PRINTS OUTPUT OF SUBMMO?2

CALCULATES MICROWAVE TRAMNSITIONS, LOWER STATE
ENERGIES, AND LASER 'RA4AN' L INES CIN GHZ),

AND PRINTS RESULTS (SEF APPENDIX B

BIMARY FUNCTION WHICH REPLACES 'ZERO' VALUES

CALCULATES SUBMILL IMETER TRANSITION FREQUEMCIES
AND LOWER STATE EI/IERGIES (IN INVFERSE CM)
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APPENDIX B

Molecular "Rotational' Parameters, Millimeter and Submillimeter

Wave Transition Matrices, Transition Frequencies, and Lower

., vV = 0) State of %01€p,

State Energies in the Ground (3§B_

16080, and 8080, and in the First Excited Vibrational

State (v = 1) of %0, According to References 1 through 7

For each of the ten sets of parameters studied, there are
three pages of computer printout. The first of the three pages
gives the rotational parameters, BO, B1, B2, LAMO, LAM1, MUQ,
and MUl in GHz and in cm-l, the Reference number, isotope code,
the array of K-values, and the corresponding arrays of normalized
transition matrices, The second page repeats the Reference num-

ber and array of K-values (NINPUT), followed by the submillimeter

1

frequencies (cm™ ' and GHz) and lower state energies (em™ 1) with

respect to the ground state. The third page repeats the Refer-
ence number and NINPUT, followed by the microwave transition
frequencies and lower state energies with respect to the ground
state (GHz) and the predicted and observed "laser-magnetic-reso-
nance" lines® and their rms difference in MHz and cm™ !

The sequence of the ten sets of parameters is as follows:

Ground vibrational state of '®0'®0 (v' = v!'' = (), in order of
Reference number (1 through 7): Ground states of 180%*®8p, 18pl8g
(Ref, T7): first excited vibrational state (vt = v =1) of

160180 (Ref. 5). (In the last case, AG1/> is not included in
the lower state eneryy, as discussed in the text on p. 14.)

T-1/306-3-14 41—
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APPENDIX C

ADDITIONAL APL PARAMETER-SETTING PROGRAMS

The parameter-setting program PARAMSTEIN (Fig. 1, p. 8)
gave Bo, Bi, Bz, Ao, A1, ,0, and ,1 for '®0'®0, '€0!80, angd
180180, according to Steinbach and Gordy, ’ for the vibrational
ground state, v = 0. These seven parameters (for *©0®0 only)
according to Refs. 1 through 6 (for v = Q) are contained in the
APL program PARAMETERS (Fig, C-1). The APL program containing
the parameters for the upper vibrational state, v = 1, in 1602,
according to Ref. 5, is PARAMSTEINUPPER (Fig. C-2). In this
program, LG1/2 is represented as GV.
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(3s]

(4]
(5]
[us]

o
v

-
v

EXTe; REFTEX

"FNO' IS AN INTSGER FROM 1 TO 6, CORRESPONDING TO ONE

& OF PHE SIX REFERENCES LISTED IN °'REFTEXT'.
VICBO*43,1029 43, 100589 43,100518 43.100518,(1. HS‘ITO.'SPI‘I'DOFLIGH?).MS 1004608

YECB1e"0., 0001071‘099 i 4 0001"
. ..3"*0 0 "1.57E710 T1,7E"10

FCMU0+70,25267 T0.2525917
VECMU1+0 T2.455E77 T2,464E77

“0.0001449629 ~0.,00014496,( .84 E 6xSPEEDOFLIGHT), ~0.0001452

00

CLAM0+59.50157 59, 501346 59,501342 59.501342,(1.5x1. 3239=SPEEDOFLIGHT),59.501342
LA'41~5 678575 5,845E”S S. B47E"S 5, !b'l! $0S5, lh'li.' S
~0.2525865 ~0.2525865,(70,008436xSPEEDOFLIGHT), 0.2525865

S2.464E"7 0 "2.46uE"?

REFTEXD 10""IN.KIMH AND STRANDBERG'

TEXT S5+ 'AI.ERITTOH. HARROP,

SCHMELTEKOPF, AND ZARE'

JASZD ON THEIR TABLES II AND X, AND DO VALUE ON P. 118.

REFTEXT 6+ 'TOMUTA, MIZUSHIMA,

HOWARD, AND EVENSON'

- JASED ON PRIVATE COMMUNICATION FROM M. MIZUSHIMA TO M. GREENEBAUM, 7/7/175.
'PLEASE TYPE REFERENCE NUMBER'

AeHEFNO+ ]
3uevECBULX]
B1«VECE11X)
d2evzca2(x]

LAMO« VECLAMOL X )
LAMieVECLAMILX]
MUOeVECMUOLX )
MULeVECMUL(X)
REFTEXTX+6 42p' '

REFTEXTX[1; \0REFTEXT1 J*REFTEXT1
REFTEXTX[2:1\0REFTEXT2)+REFTEXT?2
REFTEXTX[3;1pREFTEXT3)+REFTEXT3
REFTEXTX(4; \pREFTEXT4 J*REPTEXTY
REFTEXTX[S; \oREFTEXTS)+REFTEXTS
REFTEXTX[6;10oREFTEXT 6 J«REFTEXTE

¥ THANK YOU.

‘"HE PARAMETERS ACCORDING TO
(4¥7F. "iX;') ARE AS FOLLOWS:
L

‘Bo = ";Bo;:" GHZ;

By = Bt Gdl; !

‘B2 = ";B2;' GdZ;

L]

‘LAMO = ";LAMO;' GHZ; \
'LAM1 = ";LAM1;"' GHZ;
.

‘MUO = ' MUO;" GHZ; L
‘MUL1 = ';MUL;' GHZ.
L]

'IREFTEXTX(X:1;'

'TEMPERATURE IS5 ASSUMED TO BE 296K;IF THIS IS INCORRECT, WRITE:'
' ''PEMPe( )'' WHERE DESIRED NUMBER IS INSERTED.'

TEMP+296
L] REVISED 10 JULY 1975

Fig,

T-1/306-3-14

C-1: Listing of APL function PARAMETERS

CARAMETERS ;X VECBO; VECH1; VECB2; VECLAMO; VECLAN1; VECMUO; VECMU1 ; REFTEXT1 ,REFTEXT2; REFTEXT3 REFTEXTu;
X
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V PARAMSTEINUPPER ;X ;VECBO;VECB1;VECB2;VECLAMO;VECLAM1 ; VECMU 0; VECMU1 ;REFTEXTS ; VECGY

A 'REFNO' IS

RIVERSIOE RESEARCH INSTITUTE

5, CORRESPONDING TO ‘REFPTEXTS'; 'V' IS 0 OR 1,

A CORRESPONDING TO V'', (ONLY V'=V'' TRANSITIONS CONSIDERED.)

VECBO+(1.437
VECB1+( u,8u
VECB2+0 0
VECLAMO+1, Sx
VECLAM1+0 0
VECMUO«( 8.4
VECMU1+0 0
VECCY/+0 1556

708 1.421914)xSPEEDOFLIGHT
E™6 “u.Bu02E 6)xSPEEDOFLIGHT

(1.3239 1.3287)xSPEEDOFLIGHT
36 "8.97)x0.001xSPEEDOFLIGHT

.378n INVERSE CM

(11) REFTEXTS«'ALBRITTON, HARROP, SCHMELTEKOPF, AND ZARE (REF. 5),
FOR VII=V""='

(12]) VV<«1;REPNO+S

(13] XeVV+1

L1y] Bo«VECBO[X]

(15] B1«vECB1([X]

(16) B2+«VECB2(X]

(17] LAMO«VECLAMO[X]

(18] LAM1«VECLAM1(X]

(19] MUO«VECMUO[X]

(20)] MUl«VECMUL(X]

(21] CGVeVECGVIX]

(22] 'THE PARAMETERS ARE AS FOLLOWS ACCORDING TO

"SREFDEXTS VYV, "':

(23]
(24
(251

v

‘350 = ';B0;' GHZ; !
'B1 = ';B1;' GHZ;
'B2 = ';82;' GHZ;
L)
'LAMO = ';LAMO;"' GHZ; ;
'LAM1 = ';LAM1;' GHZ;
L)
'MUO = ';MUO;' GHZ; !
= "“JMU1;' GHZ.

*MU1
'

'*IN UNITS OF INVERSE CM, THE ABOVE PARAMETERS ARE:'
+PARAMVEC+(B0,B1,B2,LAM0O,LAM1 ,MUO,MUL) 4SPEEDOFLIGHT
'"TEMPERATURE IS ASSUMED TO BE 296K;IF THIS IS INCORRECT, WRITE:'

' YITEMP+(
TEMP+296

)'' WHERE DESIRED NUMBER IS INSERTED.'

X+«1n CALCULATION FOR 016=016 ONLY, POR V'sV''=1 ONLY.
o THIS IS A MODIFIED FORM OF 'PARAMUPPER' FOR USE WITH 'ABCD' OR

a '4BCDLP' (

THECRY OF W. R, STEINBACH INSTEAD OF TINKHAM AND STRANDBERS?)

a VERSION OF 28 JULY 1975.

-T4-

Fig, C-2: Listing of APL function PARAMSTEINUPPER
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APPENDIX D

Temperature Dependence of Rotational

State Sum for Molecular Oxygen

ROTATIONAL PARTITION FUKCTION FOR MOLECULAR OXYGEN, 0162016

EMPLOYING THE PARAMETERS OF REF. 1 (V = 0)

TEMP EXACT SUM CLASSICAL RATIO
77K 56.64467 55,83416 1.01452
100K 73.32311 72.51190 1,.01119
125K 91.45851 90.63987 1.00903
150K 109.59893 108.76785 1.00764
175K 127,7u4352 126.89582 1.00668
200K 145.89184 145,02380 1.00599
225K 164.04365 163.15177 1,00547
220K 1:22.19881 181.27975 1.,00507
273K 198,.90u444 197.95748 1,00478
275K 200.35724 199.40772 1.00476
296K 215.61279 214.63522 1.00455
300K 218.51886 217.53570 1.00452
325X 236.68364 235.66367 1,00433

ROTATIONAL PARTITION FUNCTION FOR MOLECULAR OXYGEN, 016=016

EMPLOYING THE PARAMETERS OF REF. 2 (V

TEMP EXACT SUM CLASSICAL RATIO

77K 56.64683 55.83716 1.,01450
100K 73.32569 72.51579 1,01117
125K 91.46140 90,.64473 1.00901
150K 109.60200 108.77368 1,00762
175K 127.7u4661 126.90263 1.00665
200K 145.89481 145.03157 1,00595
225K 164.04635 163.16052 1.005u43
250X 182,20110 181.28947 1.00503
273K 198,.90622 197.96810 1.00L74
275K 200,35896 199,41841 1.00472
296K 215.61392 214,64673 1,00451
300K 21R,51987 217.54736 1,00u447
325K 236.68380 235.67631 1,00427

T-1/306-3-14
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ROTATIONAL PARTITION FUNCTION FOR MOLECULAR OXYGEN, 016=016
EMPLOYING THE PARAMETERS OF REF. 3 (V = 0)

PEMP EXACT SUM CLASSICAL RATIC
77K 56.64740 55.83725 1,01451
100K 73.32662 72 .51591 1,01118
125K 91.46282 90.64488 1.00902
150X 109.60401 108.77386 1.00763
175K 127.74932 126.90284 1.00667
2004 145.89832 145.03181 1.00597
225K 164.05077 163.16079 1.00545
250K 182.20653 181.28976 1.00506
273K 198.91267 197.96842 1.00u477
275K 200.36551 199.41874 1.00475
296K 215.62149 214.64708 l1.00454
300X 218.52765 217.54772 1.00450
325K 236.69291 235.67669 1.00431

ROTATIONAL PARTITION FUNCTION FOR MOLECULAR OXYGEN, 016=016
EMPLOYING THE PARAMETERS OF REF. 4 (V = 0)

TEMP EXACT SuM CLASSICAL RAT IO

77X 56.64740 55.83725 1.01451
100k 73.32662 72.51591 1.01118
125K 91.46282 90. 64488 1.00902
150K 109.60401 108.77386 1.00763
175K 127.74932 126.90284 1.00667
200K 145,.89832 145.03181 1.00597
225K 164.05077 163.16079 1.00545
250K 182.20653 181.28975 1.00506
273K 198.91268 197.96842 1.00477
275K 200,.,36551 199.41874 1.00475
296K 215.62150 214.,6u4708 1.00454
300K 218.52765 217.54772 1.00u450
325K 236.69291 235.67669 1.00431

=P6=
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ROTATIONAL PARTITION FUNCTION FOR MOLECULAR OXYGEN, 0162016

EMPLOYING THE PARAMETERS OF REF.

TEMP

77K
100X
125X
150K
175K
200K
225K
250K
273K
275K
296K
300X
325K

EXACT SUM

S6.6448y

73.32372

91.45955
109.60038
127.74532
145.85396
164.0u4605
182.2014y
198.90725
200.36006
215.61574
218.52183
236.68672

CLASSICAL

$5.83610

72.51442

90.64302
108.77163
126.90023
145.02884
163.15744
181.28605
197.96436
199.41465
214.64268
217.54326
235.67186

0)

RAT IO

1.01448
1.01116
1.00901
1.00762
1.00666
1.00597
1.00545
1.00505
1.00476
1.00474
1.00u453
1.00u450
1.00431

ROTATIONAL PARTITION FUNCTION FOR MOLECULAR OXYGEN, 016=016
EMPLOYING THE PARAMETERS OF REF.

TEMP

77K
100K
125K
150X
175K
200X
225K
250K
273K
275K
296X
300K
325K

T-1/206-3-14

EXACT SUM

S6.647u49
73.32675
91 .46299
109.60423
127.74958
145.89863
164.05114
182.20695
198.91315
200.36599
215.62202
218.52818
236.69350

CLASSICAL

55.83732
72.51600
90.64500
108.77400
126.90300
_145,03200
163.16100
181.29001
197.96869
199.41901
214.64737
217.54801
235.67701

RAT IO

1.01451
1.01118
1.00902
1.00763
1.00667
1.00598
1.00546
1.00506
1.00477
1.00475
1.00454
1.00451
1.00431

=7V~




ROTATIONAL PARTITION FUNCTION FOR MOLECULAR OXYGEN, 016=016
EMPLOYING THE PARAMETERS OF REF, 7 (V

TEMP

77K
100K
125K
150k
175K
200K
225K
250K
273%
275K
296K
300X
325X

ROTATIONAL PARTITION FUNCTION FOR MOLECULAR OXYGEN, 016=018
EMPLOYING THE PARAMETERS OF REF. 7 (V

TEM4P

77K
100«
1254
150K
175k
200K
225K
2504
273X
275K
296K
300K
325K

-78-

EXACT SUM

56.64748

73.32672

91.46295
109.60u416
127.74949
145.89851
164.05098
182.20676
198.91292
200.36575
215.62175%
218.52791
236.69317

EXACT SuM

116.28488
151.60712
190.01360
228.42996
266.85466
305.28693
343.72634
382.17263
417.54915
4L20.62564
452.93128
459.08526
497.55143

RIVERSIDE RESEARCH INSTITUTE

CLASSICAL

55.83732

72. 1600
90.64500
108.77401
126.90301
145,03201
163.16101
181.,29001
197.96869
199,41901
214.64737
217.54801
235.67701

CLASSICAL

118.23962
153.55795%
191.9474y4
230.33693
268.,72642
307.11590
345.50539
383.89488
419.21321
422.28437
454 ,53154
4L60.67386
499.0633y

RAT IO

1.01451
1.01118
1.00902
1.00763
1.00667
1.00597
1.00545
1.00506
1.00477
1.00475
1.00454
1.00450
1.00431

RATIO

0.983u47
0.98730
0.98993
0.,99172
0.99303
0.99404
0.99485
0.99551
0.99603
0.99607
0.99648
0.99655
0.99697
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ROTATIONAL PARTITION FUNCTION FOR MOLECULAR OXYGEN, 018=018

EMPLOYING THE PARAMETERS OF REF. 7 (V = 0)

TEMP EXACT SUM CLASSICAL RATIO
77K 63.28076 62.81336 1.00744
100K 82.04495 81.57580 1.00575
125K 102.44779 101.96975 1.00469
150X 122.85599 122.36370 1.00u402
175K 143.26871 142,75765 1.00358
200X 163.68549 163.15160 1.00327
225K 184.10612 183.54555 1,00305
250K 204,53043 203.93950 1,00290
273K 223.32398 222,70193 1,00279
275K 224.,95834 224 ,33344 1,00279
296K 242.12053 241.46436 1.00272
300K 245,38980 2u4 ,72739 1,00271
325K 265.82476 265.12134 1.00265

ROTATIONAL PARTITION FUNCTION FOR MOLECULAR OXYGEN, 016=016

EMPLOYING THE PARAMETERS OF REF, 1,

TEMP EXACT SUM CLASSICAL RAT IO

77K 57.22604 56.45631 1.01363
100X 74.09050 73.31988 1,01051
125K 92.42815 91.64985 1.00849
1504 110.77088 109.97982 1.00719
175K 129.11783 128.30979 1.00630
200K 147.46858 146.63976 1.00565
225K 165.82288 164,96973 1.,00517
250K 184,18059 183.29969 1.00u481
273K 201,07261 200.16327 1,00454
275K 202.54161 201.62966 1.00452
296K 217.967u40 217.02684 1,00433
300K 220.90590 219.95963 1.00430
325K 239.273u41 238,28960 1.00413

T-1/306-3-14
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APPENDIX E

Comparison of 1€o0l6ég (v = 0) Line Strengths

Computed by Us at 273 and 296K with Theoretical

Results Given in Ref, 8

See text, pp, 27 and 3% for discussion of this Appendix,
which was computed using the APL prouram GBBSTRENGTH, It isg
assumed that the cm-atm quoted in Ref., 8 refers to 273K and

1 atm, so that 1 (cm-atm)STP = 2.686754(84) E19 molecule cm™2

Loschmidt's constant Lp), 1t8s23
3

NOTE ADDED IN PROOF:

The factor Lo used in the APL program
GBBSTRENGTH should have been replaced by Lo/0.99519 in computing

the integrated line Strength in units of cm~% per (cm-atm)STP
(see p. 17 of text). The 0,5% change in our computed line
strengths does not affect the conclusions to be drawn from

the comparison, i, €., that the results of Ref. 8 may be in
error by as much as a factor of 2, Note also that the APL
program GBBSTRENGTH was used only in generating this Appendix;
the line strengths elsewhere in this report, given in units of

cm ! per molecule cm-a, have been calculated correctly,

-80-
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TE®P ®» 273K} KT ® 189+7 INVERSE CM) X = 1

REF'Q »

NINBUTE L 3 S 7 9 11 13 1S 17 19 21 23 @S5 27 29 31 33 I %7
39 1 43 &5 a7 &9 81 83

THE LINESTRENGTHS OF THE SUBMILLIMETER TRANSITIONS OF 016%016, IN
UNITS CF 140Ew6 INVERSE CPM PER CMeATM (AT STP), ARE A§ FOLLOWS!

SF: Ce0996 14989 2+803 20152 34087 2065 2:09 1516 1018 006316
0e3661 041981 001002 004744 0002105 04008763 00003424 000012%7
0e¢u000336 040001406 40293E=5 10233E=S 3Je338E=6 B8°3E=7 24061Ee?
50622E°8 9:860E=Y

LY To036 12037 1850186 15079 146068 12037 9:529 60801 48506 24777
10597 000586 00432 002036 0609 0°03733 0001484 00008324 0.001832
040005931 000001807 Se181E=S 1:399E=S I+S60E=6 B+S54iEn? 109317
4.12E~8

COH 3026 40261 40780 4071 40228 Joa79 20643 10862 10221 007468
Oea264 002279 0s3la] 0+05357 0002359 0+009787 0+00379 0:001384

000004752 040001535 4+668E=5 10337€E=3  3:60% 0t 9:159E=7 2.194Ee?
4:0956E=8 10:056E=8

GEBBIE, BURROUGHS,» AND BIRDs PROCe ROYS SOCe (LONDCONI Ay YOLe 3104 PP
879 T0 890 11969) QIVE FOR THE FIRST SEVERAL LINES (UN THE BAME UNITS)I

sF! 0se2 105 108 108 10b
t{<H Se7 807 98 843 643

R 201 269 29 2.6 o8

RATIONS OF OUR RESULTS FOR X = § THROUGM 9 TO TMOBE OF QGEBSIE, ET AL!

F 10120 10306 10857 14781 24183
[‘H 1036 10022 10593 10902 20328
H 10553 10469 10639 10962 2:309

T-1/306-3-14
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TEMP * 256K KT » 205¢7 INVERSE C™) x ®

SREFND ®»

NISPUTE 1 3 5 7 9 11 13 1S 17 19 24 23 28 27 29 31 233 3% 37
dJ9 &1 &3 8% a7 «9 51 53

Tetk CINESTRENGTMS OF THWE SUBMILLIMETER TRANSITIONS OF 016®016s IN
“ANITS UF 140E=6 INVERSE CM PER CMeAT™ (AT §TP), ARE AB FOLLOWS!

SF Cou977 10687 20446 20799 20775 244717 24001 10511 14058 Qo860
UselB5 002391 001283 0406477 0.03U78 0401378 0000582 00002319
Ueu008725 040003101 040001041 3I¢307Ew8 9¢923En6 2¢8B2IE®6 7e596Ee7
10335€E87 60671EmB

s@: 60221 106465 1342 14401 13029 118 90165 60781 40678 34018 10828
10036 Ceh53 042778 0613185 00085869 0002478 04009818 04003688
0¢y01307 0e0C0®38 0¢C001389 a0165E*5 118268 Ie176E=6 B+083c7
leya9ge?
Sw e 20786 3467 “elaB 4c1B2 30838 0244 2543 10897 10268 048118
ConB78 Q42751 Qo1%61 0007312 0003449 0:01834 0¢006%s 00002553

Cev0095%9 040C03383 040001132 3¢883E=8 1¢073EcS 3:041E®6 BelgEs?
Cey78E=7 4e995Eep

GEBBIEs gURRCLUGMSs AND BIRD, PROCe ROY?! SOCe (LONDONI A, VOLe 310s PP.
579 YO 8930 (1969 QIVE FON TME FIRST SEVERAL LINES (IN THE SAME UNITSII

SF 0e02 105 1¢8 18 Lo
SG: 5¢7 8e¢7 9¢8 843 603

SmM. 21 209 2¢9 206 (.8

RATIOS OF OUR RESULTS FOR « = | TMROUGM 9 T0 TWMOSE OF QGEBBIEs ET AL!

Fe Oeybe 1412% 1359 14553 1.982
G lela06 14224 1439 10688 201}
- 16326 10266 1443 10742 24132

-82- T-1/306-3-14
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APPENDIX F

RRI__Absorption Line Parameters
for Molecular Oxygen Isotopes

| °0'°0, '©0'®0, and '80%®0 (AFCRL Format)

In the following eight file listings, the contents are

labelled at the top of each page with the file names as well

| as brief descriptions of the contents. The units are as follows:

] FREQ: Transition frequency: (cm™?)
STRENGTH: Line strength at 296K: (cm™!/molecule cm™2)
WIDTH: Line half-widtn at half-maximum: (cm ! atm %)
E'': Energy of lower state of the tran-

sition, with respect to the ground an
i state, including AG1/2: (cm™1)

The sequence of the eight file listings is as follows:

AFT60K15V0: Microwave fine structure lines of 1€0'®0, v = 0,

AFTK15V0: Submillimeter rotational lines of 1%0'®0, v = Q.
AF760K25V0: Microwave fine structure lines of 1€0%80, v = 0.
AFTK25V0: Submillimeter rotational lines of €00, v = 1,

AFT60K35V0: Microwave fine structure lines of 180180, v = 0.

AFTK35V0: Submillimeter rotational lines of 18080, v

"
-

AF560K15V1: Microwave fine structure lines of le0160, v = 1,

AF5K15V1: Submillimeter rotational lines of 1®0%€0, v

"
[EN

T-1/306-3-14 -83-
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AR1 ABSCNPTIUN LINE PARAMETERS FOR MOLECULAR OXYQEN ISOTCPLS (AFCRL FORMAT)

AFT760%i8vC B8Cs dls ETCo! REF: 7, 016016 PICROWAVE LINES) KWUPENIE wlDTWGs, v o o

FREG STREAGT» w]lOTwW gt v! J!' x! Vi gt 1 OATE (32 ~¢
H 1450417 24CeE=33 ¢032 0744882 0 $3 9 0 52 83 s3e 78 66 7
e 1056493 8:¢55¢233 4032 37784223 o] 81 5% ] S0 5! Sie 78 &6 7
3 $+S8183 3¢36E=32 032 34924783 o] 9 o9 [¢] 48 49 a9e 7% 6 7
. 1489871 1+25Fe3! :032 3218+270 0 a7 &7 o] b 47 oY 78 66 7
$ 4061961 ecvifell 4032 29844737 0 o5 «8 0 46 a5 oSe 78 e 7
6 1463255 1ee7ce30 4032 2702:22% 4] 43 &3 c 42 43 #3e 7% 66 7
? 1060953 @ g2E°30 1032 260604770 c o] &} 0 0 4§ ots 7% o6 ?
[ ] 10666%5 1038E929 1032 22304428 b} 39 39 0 38 39 39- 7% e 7
9 1468362 3¢87€%29 4032 2011.21% 0 7 0 36 37 37 7% 66 7
0 1475076 1+03E=28 +032 1803+180 o] 3% 38 0 3a 38 34e 7% e6 7
b 117179¢ 2+5aE*28 1032 16064+3%53 [*] 33 3 0 32 33 33- 7% &6 7
12 1473526 6109Ee28 4032 160204747 ] k PR } ) 0 30 31 3ie 7% 68 7
13 1075262 1+36E=27 +C32 12460482 c 29 29 o] 28 29 29e T e6 7
le 1477012 2+8%E®27 4032 1083+436 c 27 27 0 26 27 27e % 66 ?
18 1¢7877¢ %e63Ee27 4032 9316708 ] 2% 28 o] 26 25 28e 7% 66 7
16 1¢80%58 1+08Fe26 1038 7914009 c 23 2) 0 22 23 23 % e6 ?
17 182363 1+83E26 038 6624437 [*} 21 2% (o] 2C 21 2ie 7% e 7
18 1080199 34CCEe26 (3?7 Sene8e3 0 19 19 0 18 19 19 7% 66 7
19 $08607% «160Ee26 038 ©38+702 0 17 37 o] 16 17 17e 72 &6 ?
20 1087679 2:74Ee26 Q08 2:080 c i 1 0 2 1 le % 66 7
21 188008 ¢6:%8E=26 4038 343:97¢C c 1% 18 0 14 15 8. 78 66 7
22 1¢90026 B8¢77e26 +039 2604683 °} 13 13 0 12 13 13- 78 &6 7
23 1092178 1:08E=2% +Co 188+8%83 C 11 13 0 10 311 s 7% &6 ?
2e 10908508 1422€e2% 1003 1200092 ¢ 9 9 0 8 9 9 7% e6 ?
23 1¢9095%7 7485026 1000 16:388 0 3 3 ° & 3 Je 7% 66 7
26 1097384 1026€22% Q00 79.60? c ' w9 0 & 7 Ve 7% 66 ?
27 1¢9877¢ 1011Fe2% 4002 424220 c s 8 0 6 5 S 7% 66 7
28 2101159 1+¢13E02% «Coo 424200 c S 8 c ¢« § se % 66 7
29 2:01989 1931Ee25 Qo) 79¢%6% *] 2 P [°] 8 7 T 7% &6 7
30 2:0397¢ 1+35E=25 1040 128398 ] 9 9 (o] 10 9 9 7% e6 ?
3t 2406143 1:2%Fe2% 039 188730 c 11 1) 0 12 11 {1e 7% 66 7
32 2:08181 1408E=2%5 +038 260501 0 13 13 0 16 13 13¢ 7% 66 7
33 2:08032 B8103E026 007 16293 o] 3 2 0 2 3 3 % 66 ?
k [ 2:10139 8:23E226 «020 3030788 o] 19 19 0 16 15 1%« 7% 66 ?
s 2412002 S197ce26 4036 (T EXYY ] *] 17 27 ¢ 18 17 17 % 6 7
k'Y 2¢13907 &i00fe26 4038 SeneBoe 0 19 19 o] 20 19 19+ 7% 66 7
37 2015706 2456F226 1038 662+103 ] 21 29 0 22 21 21 % 66 7
3s 2317860 18528026 +032 7914030 [*] 23 23 0 2% 23 23 7% 66 ?
39 2:19368 §+09Ee27 41032 931339 c 2% 28 o] 26 25 2% 78 66 ?
*0 2021160 &v085Ee27 4032 1082499 2] 27 27 0 28 27 27« 7% &6 ?
] 2022943 2420E°27 1032 124%:978 *] 29 29 o] 30 29 29 7% 66 7
“2 20260720 1402E°27 4032 14204058 ] 31 3} (o] 32 31 J1e 7% 66 7
i ) 2126492 woogEe28 1032 1605806 ¢} 33 3 0 3% 33 33 % 66 7
“e 2:28260 185E=28 +032 1802:%598 0 s 0 36 38 3%5. 7% 66 ?
s 2030C26 702429 4032 2010:%99 c 37 7 o] 38 37 37 7% 66 7
. 2¢31789 24878229 4032 2229477 o] 3% 3 0 «0 39 39 % 68 7
7 2033551 94129230 4032 2460+088 0 1 o) ¢] 42 41 ol 7% e6 7
-84-
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%] ABSORPTICN LINE PARAMETERS FOR MOLECULAR OXYQEN [SOTOPES (AFCHL FCwrMal)

AF76C%i5v0 Bus Bls ETCel REFe 7, D16%0%6 MICROWAVE LINES) KRUPENIE wiDTmSy v @ |

-

EREC STRENGT™ n]OQTH g LA & vy guigrr 1 Ca g 182 ~C
L] | 2035312 3+COE®IV ¢032 2701+506 0 43 ») o] 48 83 ede 7 o ?
.9 2437072 9+SiEedl 4032 2983.982 °] 48 o9 0 46 49 of%e 7% e 7
5C 2038833 2480E=31 «022 321708} 0 a7 &7 0 o8 &7 a7 % 6s !
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1 2:07672 6+55€29 +039 1743043 1 11 11 1 12 11 11 78 66 7
32 2:08728 «+32E=29 007 15720036 1 3 3 1 2 3 3 7% 66 7
33 2+09798 5¢56E*29 038 16814¢001 1 13 13 1 1 13 13 78 66 7
I QellBee  40I7Fe29 4038 18964373 1 15 18 1 16 195 18« 78 66 7
s 2¢13836 J+19E=29 (36 1990408 1 1?7 17 1 18 17 17 7% 66 7
16 2015790 2¢17E%29 «33% 2094982 1 19 19 1 20 19 (9. 78 66 7
37 2¢1771% 1¢39E=29 +03% (22114225 1 2l 21 1 22 2. 21« 7% 66 7
3s 2019619 B8:29E=J0 032 2336+737 1 23 23 1 26 21 23 7% 66 7
39 2021500 Seb6E=3u 1032 2477.49% 1 2> 2% 1 26 2% 2%« 7% ¢o 7
e 2022381 2¢%7E=30 1032 (o2 0078 1 27 27 1 28 27 27 78 66 7
L2 2e28245 1023E=30 1032 2788:6p1 1 29 29 1 30 29 29 7% 36 7
.2 2427100 Se78E*31 +037 291016 1 31 31 1 32 31 e 78 6 7
3 2428909 2:56E=31 «0J2 31ev.81p 1 339 33 H 36 33 33 78 66 7
LX) 2430792 1207E=31 +032 333913 1 35 3% 1 36 35 35 75 6é¢ 7
.5 2032629 ©022E232 032 3548828 1 37 37 1 38 37 37 7% 66 7
6 2030463 1¢58F®32 0032 3761573 1 39 239 1 40 39 39e¢ 7% 66 7
.7 2036293 5+56E233 032 3989¢332 1 8]l o) 1 42 o1 ole 7% 66 7

T-1/306-3-14 =87=




RIVERSIDE RESEARCH INSTITUTE

NRI ABSCRPTION LINE PARAMETENS FON MOLECULAR OXTQEN ISOTOPES (AFCRL FORMAT)

AFS60%15y1 80, 81, ETCe: REF. &, Cle=03s MICROWAVE (INES, KRUPENIE wIDTHS, v = |

f FREC STRENQT™ RIOTw [ LAV & Vi gregte 1p DATE 1800 MmO
(7 ] 2:38119 1+88¢e33 0032 2284045 1 3 &) 1 4% 43 a)e 7% 66 7
(Y ) 2139943 SepSgede (32 “e?7:730 1 oS o8 1 46 45 3% 7% 66 ?
S0 241763 1:75fe3e 0032 ~738.297 1 o7 &7 1 48 47 a7 79 66 7
S 2:4350% ~i9¢Ee3s 032 5C09%¢711 1 49 »9 1 S0 49 a9 79 66 7
52 2°4%5002 1:32€e3> 032 52914932 1 51 83 1 32 51 S3e 7% 66 ?
%) 2097218 3:38E=36 0032 459%.9)1 1 33 83 1 Se 53 53¢ 7% 66 7
Se 3:¢97713 Si17gep9 050 1588¢378 1 1 1 1 0 1 = 7% 66 7
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RIVERSIDE RESEARCH INSTITUTE

Rel ABSUMPTICN LINE PARAMETERS FOR MCLECLLAR OXYQEN JSOTLPES {AFCRL FOR™AT)

AFRK1ovV] BCs
FRE Y

i 3213118
2 14¢0210¢
3 16010831
. 2357930
-1 505377
6 c73528)
? 30:98205%
) J6+98309
9 38+9595¢
10 “6°3730}
11 «8:20290
12 500350%
13 57475231
1e 29+8C65C
15 61 ¢729%
16 6911929
17 71419601
18 73:09602
19 a0s07360
20 8257138
3 a%++5053
22 91+81322
23 93:931066
26 9579038
28 10313716
26 105:278%2
27 1u7031e29
28 1144353
29 116+60162
30 118:42066
N 125073056
32 12790771
33 12970769
Je 136996
k] 13919266
k'Y 14097360
3 148:23908%
k] | 150005451
39 152+2165%8
«0 159105767
L2 101069148
a2 103143480
) 17064931
[ 172+90178
(-] 17406260
e 1818125}
L4 1a4°08351
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STRENGT™

1e16E=29
1025€=28
5¢38E=2Y
Je2eg=29
2:C85E=28
7+CB8E=2Y
ae71Fe29
2+'%%5f=28
8:01E=29
Sea(E=29
2¢71Ee28
8+:09E=29
5037g=29
2+:58E=28
7ea5E=29
~eB80E=29
2e20E=28
6+32E=29
3:92E29
1¢79g=28
“e97E=29
2+96E=2%
1¢33E=28
3065€229
2+08E=29
9+23E=29
2+50E=29
1036E=29
$4¢99E=29
1+61E=29
8:35¢230
JebeEe2Y
9¢73E=30
4+80E=30
2:08E=2Y
5453E=30
2+60g=30
1012229
2°96E=30
1+32€=30
S+68E=30
104930
(L] Lk B
2¢71E=30
7e131E=21
2+86E°21
1922E=30

REF. 5 D16=016 SUBM™ LINES,
nl0OTH E' v' ' k!
sQed 15600354 1 2 2
1008 15580965 1 2 2
1065 15580465 1 3 2
sCaf 15704874 1 “ 8
s06s 15720612 1 « 9
10ee 13724612 1 - ]
1083 1600s16¢ 1 6 7
1082 15980160 1 ¢ 7
oCu2 15980160 1 ?
1002 16374123 1 [ B
10el 1635+09¢ 1 [ I
1081 1635:09e 1 9 9
1081 1688000 1 10 13
080 16830390 1 10 1
1080 16830390 1 11 1)
1061 17450120 1 12 13
1039 1763003 1 12 13
1039 1743+08) 1 3 1)
+£38 18160139 1 1e 1%
1038 1814:0e} 1 1+ 198
1038 1814000} 1 1% 18
1036 18380992 1 16 17
1036 18960273 1 16 17
1036 1896037 1 17 1?7
0037 199216 1 18 19
1036 19900028% 1 18 19
+036 19904028 1 19 19
1036 2097+160 1 20 2%
1035 2090982 1 20 23
035 20940982 1 23 21
0038 2213402 1 22 23
035 22114228 1 22 23
1038 22311229 1 23 23
1035 2340:90) 1 26 28
1032 23380737 1 26 28
0032 2338:+737 1 25 2¢
1032 24794710 1 26 27
0032 24774095 1 26 27
0032 247704985 1 27 v
1032 2629712 1 28 29
1032 26274078 1 28 29
1032 2627478 1 29 &9
0032 2790913 1 30 3%
0032 2788+661) 1 30 3}
2032 2788.661 1 31 3
2032 2963287 1 32 3}
0032 2581016 1 32 13
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HK]l ABSORPT.ON LINE PARAMETENRG FON MOLECULAN OXYGEN 180TOPES

80,
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165+78960
192+:94%040
195:23493
196+922%7
FLEN Y Y4-)
2060356417
2v8:02333
215211309
217+43933
219209022
226210011
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2629808
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032
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0032
0032
0032
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0032
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37634918
3761+%973
37619573
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«220:06%
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“877¢73n
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“730+297
67300297
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5C09+711
5C09+711
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5587253
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k] |
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0
[}
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.2
3
[
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.6
LT3
47
8
8
Y
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50
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52
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Se
S
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3
k]
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kL]
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10

(1]
sF
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(AFCRL FQRMAT)

Vel
QATE 180 ™m0
7% 66 7
7% 66 7
7% a6 7
5 66 7
7% 66 7
7% 66 7
7% 66 7
7% 66 7
78 &6 7
78 e 7
7% dhe 7
7% 66 7
7% 66 7
% 66 7
7% 66 7
7% 66 7
7% 66 7
7% 66 7
7% 66 7
7% 66 7
7% 66 7
7% 66 7
7% 66 7
7% 66 7
7% 66 7
7% 66 7
7% 66 7
7% 66 7
78 66 7
7% 66 7
79 66 7
7% 66 ?
7% 66 7
7% &6 7
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RIVERSIDE RESEARCH INSTITUTE

APPENDIX G

RRI Absorption Line Parameters

for Molecular Oxygen Isotopes

160160 160180, and 12080 Whose

Line Strengths Exceed 3,7 E-30

See text, page 33 for discussion of the relationship of
the file OXYGENEXIST to the eight files listed in Appendix F,

The units are the same as in Appendix F.
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T T T

RIVERSIDE RESEARCH INSTITUTE

IXYQENEX ST ABSORPTION LINE PARAMETENS F R MOLECULAR OXYQEN ISOTOPES (AFCRL FORMAT)

ALe L INES OF 016e0164 Ole=018s anO C188018 witTn v @ 0 OR §

ANC wHOSE STRENGTNS EXCEED 347E=30 INV CM PLA MOLECULE PER Cw $Q
AT 296K LINEWIDTwS INTERPOLATED FAOM KRUPENIE'S COMPILATION)
8Us Bls4 B2, ETCes FROM REFe 7 FOR v » 9, FROM REFs 5 FOR v » 3,

FrE STRENGTM w]OTH g v g g Vit gt 1p DATE 1S3 o

1 1064953 ©462E230 032 2%60:¢774 0 a1 &y 0 40 &1 &ie 7% e 7

2 1066655 1+38Fe2y 4032 22300425 o] 3% 2 0 38 39 39e 75 66 2

3 1068362 3:.47ce29 .032 20114215 0 37 ¥ 0 3¢ 37 37e 75 66 7

. 1470076 1403E=28 °032 1803.180 0 35 38 0 Js 35 35e 7% 66 7

5 107179¢ 2+58c=228 .032 1606:353 (¢ 33 32 0 32 331 33e % 66 7

6 1173524 6409ge28 .032 14200747 o] 31 2 (<] 30 31 3i» 75 66 ?

7 1675262 1436ce27 0032 12460082 0 29 29 0 28 29 29- 7% 66 7

8 1076431 3473230 4032 11784124 0 2% 29 0 238 29 29e 75 68 2

9 1077012 248%ce2? 0032 10834036 0 27 27 0 26 27 27e 75 68 7
10 1477256 H433Fe30 4032 1099727 0 28 28 0 27 28 28~ 7% 68 2
11 1078088  7449¢e30 4032 10240107 0 27 27 0 26 27 27e 7% 68 7
12 1¢7877¢ Bee3ce2? 1032 9310748 0 25 28 0 26 2% 23e % 6 2?2
13 1:78916 :4Cege29 4032 9%51.113 0 26 26 0 25 26 26~ 75 68 7
le 1479748 1442E29 4032 5800799 0 2% 2% 0 24 25 2%5e 75 e8 7
15 179998 5¢57ge30 038 23394333 1 23 23 1 22 23 23- 75 66 7
16 1080558 1+05gm2¢ 0038 7910408 [ 23 22 [¢] 22 23 23» 75 66 2?
17 1080586 1491Ce29 .03% 813.167 0 24 20 0 23 24 2ue 75 e84 2
18 1:81428 2:54Fe2y Q38 7480219 Q 23 22 0 22 23 23» 75 &8
19 1081923 y:47ge30 1038 22114583 i 21 23 1 20 21 2;e 7% 66 7 ]
20 1:8227%5 3432Ee29 0037 68509459 0 22 22 0 2% 22 22- % 68 ?
21 1082363 1.83ce2¢ 0038 662:%37 [ 21 21 0 20 21 21. ’% ¢6 7
22 183127 o~i28¢epy 0 03% 6264388 [ 21 2% 0 20 21 21 75 ¢8 2
23 1+83877 1.58Ee29 4037 20954301 1 19 19 1 18 19 1§» 7% 66 ?
L} 1:8398¢ S143E29 4036 569509 0 20 20 0 19 20 20» % 68 7
25 184199 3.00E=26 4037 Sancled 0 19 19 0 18 19 319e 7% ¢6 7
26 1084852 6¢78E=29 4037 5154324 0 19 19 0 18 19 19e 7’5 e¢8 2
27 1485727 8+34g=29 4033 “63¢838 0 18 18 0 17 18 18- % 68 2?
28 1:03869 2+4i1fa2y 1038 19904308 1 17 12 1 16 17 17e 7% 66 ?
29 1186075 ~:60E=26 41038 4380702 0 1?7 1?7 0 16 17 17» ’% 66 7
30 1¢86611 1¢031ge28 4038 “154003 0 17 17 o] 16 17 17- 7% 8 7
kX 1:87509 1.20ce28 e038 3680952 0 16 ¢ 0 15 16 1= 75 68 7
32 1187679 24¢74Ee26 4008 2¢084 0 1 1 (¢} 2 1 1. % 66 7 1
3 1:87915 3:43Ee29 038 18964013 1 15 18 1 14 18 18e 7% 66 ? ]
kY 1:88008 6:58E%26 033 3430970 0 15 18 0 164 15 18e 7% 66 2
s 1088420 1i0ifezn e038 25562 [¢] 15 18 0 14 15 18e 7% o8 2
3 1483987 1402Ee29 1045 1855g,048 1 1 1 1 2 1 e 7% 66 2
37 1:83%206 5.40ge29 (L 1] 20633 0 1 1 0 e 1 1 7% 68 7
KT} 1:89350 1+62E=28 4039 2840878 o] 164 1o 0 13 14 1e» 7% o8 ?
k] ] 1490026 8477E%26 «039 2604683 0 13 12 0 12 13 13- 7% 66 7
«0 1490041 «eBgE=29 4039 18144239 1 13 12 1 12 13 13- 7% 66 7
LB 190302 1+83E228 4039 246:89) [ 13 12 0 12 13 13e 78 o8 7
.2 1491282 2.03ce28 0080 2114017 0 2 12 0 11 12 12- 78 o8 7?7
«3 1092175 1008E%2% 400} 188853 (¢ 11 11 0 10 11 11e 78 66 7
s 1492295 5.61E%29 Qa1 17434197 1 11 14 1 10 11 1ie 7% 66 7

1
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OXYQE vEX[ST

FREy
L3-] 1e92¢98
. 1093133
7 1¢933e1
~8 leFeapnpy
"9 10980y
90 1¢90700
%1 1090957
52 1095657
53 1095705
Se leYseus
£3 1¢970%¢
Sé6 1097391
57 1¢97509
58 149780y
59 le9860¢2
60 198774
61 1499103
62 2:0U0be
&3 2:UJasy
[ ) 2:00s9
(1] 2+:01159
66 201509
67 2+01589
68 2:01677
69 2+02811
70 21029a9
71 2:03011
72 2+:03821
73 2:0397¢
78 2:0490a
75 2105014
76 2:0589¢
77 2:061463
78 2:06§53
79 2:06938
80 2:07872
81 2¢07792
82 2:08181
83 2:08432
8o 2:0871%
as 2:.78728
.Y 2:09623
8?7 2+:09798
[ ] 210139
a9 €013519
L Jo] 211406
9 2e11G6n
92 2012002
93 2+12285%
9« 2+:1319%8
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1e.3E=28
29 40Fe28
2e%0b~28
1022029
6+33t=29
7:155E=28
1ee8Fe28
2:9VUE =28
JeY2Ee=29
2e0pEe28
1026E=2>
{e87E=28
beoB8E=29
2+39ce28
1ellEe2%
2e1Y9¢e28
Senlte2y
2desafe2l
Cs21E=28
1913Ee2%
SeMef=2y
1¢31g=29%
2v61F=28
?169E=28
6085E=29
1+95¢=28
271E=28
1¢35Ee2Y%
2e65E=28
7¢CeEe29
2+5eEe=28
1:25E«2%
2+38E-28
106128
6e55¢e29
2218E=28
1:C5€=25
8e01Ee26
1097g=28
4sJ2E=29
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8¢23Ee26
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'Cad
e Qa0
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+Qa
0039
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2038
Qa7
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Qa7
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1038
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0035
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'03s
1036
1036
*038

£

179evag
8025
1994187
122+03¢
128.09¢
16834497
16¢J88
16e016¢
974595
1572:612
7%5.865%
794607
260989
163%5+147
S6e865
“2el2e
80580
15984160
56¢827
#0¢53¢
024200
15984149
79¢%65
75819
97:520
16354094
264936
1210962
128+398
149.072
16834390
178+912
1886710
2110441
16¢033
17643¢043
2660718
260901
164283
2860681
1572086
32%435%0
18144061}
Jads748
680722
4140798
18964373
4JBeb42
463:549
$518:001)

v ¥

OO0OO0O»O0OOC+» O~ 0000 0OCOOCOC~0C0OOO»0COOD~0OCOC~OQOCO~QOC»CCUG=0OOOCOCC

J 1
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Se
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e
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9e
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1le
11le
12
Je
1le
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13e
Je
1ae
Je
15e
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15
16e
17e
18
17
18e
19

Ny Flima”

OATE 5 =
75 v
7% oA
A 1 ]
7. oY
7% s
7% Y
75 69
75 ¢4
75 (Y. ]
7% o6

5 &n
AT Y
7% 64
LA- T -Y
7% oY
7 66
75 o8
75 66
75 6%
7% (.}
77 (1]
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78 66
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7% 68
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RIVEASIDE RESEARCH INSTITUTE

OXYQENEXIST  ABSORPTION LINE PARAMETERS FOM MOLECULAR OXYGEN ISOTOPES (AFCRL FORMAT)
FREUW STRENGTH wlOTK e v o ! ViYoo't IC 0ATE IS) ~0

2413836 J3+19E=29 «036 1990.02%
213907 wsUnE=286 <035 Sane566
214024 7435E=29 4038 569:208
2:10880 S5+9CE=29% 4035 6264070
2915239 1018E=28 008 7:800
2e1%700  we66E=29 4030 685:620
2+15708 2¢506E=286 4035 662:10)
2015790 2+17€229 +03%5 2094982
201598 Je62E=2Y 4032 74748607
217450 2478€%29 4032 312+798
2¢17560 1¢52E=286 4022 79140234
2417715  1039€%29 035 22134.225%
2+18298 2¢1C€=29 4032 880413
2019185 1¢56Ee29 032 950+711
2219368 Be69Ee27 4032 9314339
2:19619 B8:29E=3V 032 2334:737
2019989 1+1«€e2Y 4032 i023.688
2:20832 8:28E=30 1032 1099:3e)
2421160 &ce3Ee27 1032 10824994
2121506 #:166E=3U 4032 24774495
2921676 S5¢9CE=30 «032 1177+.068
2422518 ~oi5E@3IVU 4032 1258:667
2022943 2+20E=27 4032 1265:97%
2026720 10URE®27 032 1420:2%%
2026092 ~+08Ee28 4032 160%5:806
2:28260 1985E%28 4032 1802:998
2030026 7:2%E=29 4032 2040+999
2931789 2+67€%29 <032 222977
2033551 9129Ee3U 4032 2460.088
J¢36100 1:0UE=2D «0Q%0 3+000
Je%6160 LeYeEe28 4050 0+363
3¢97713 50176229 <030 1556+378
780360 2¢91Ee28 050 0000
9095599 1+:67E=28 050 04000
11:50856 #+25E=29 008 4¢525
42413118 1016Ee29 <008 15600¢35%
12129179 2122E%26 1048 34961
13080060 ~072E=28 1045 2:03)3
10002102 19025E=28 1005 1558:465
19016858 2:43Ee2d ¢0a% 2Vl
15006998 2:05Fe28 008 2:63)
16010831 %0388 e29 1048 15580465
16029289 1000E=23 QeS8 2:080
16097828 8:41E=29 008 9:956
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