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Abstract 

New calculations of the frequencies and absorption 

coefficients of the rotational transitions of 32 5160 2 are 

given for all energy levels up to J = SD and frequencies 

less than 200 GHz. A spectrometer incorporating a semi-

confocal Fabry-Perot resonant cavity and operating in the 

vicinity of 70 GHz is described. The calculated absorption 

coefficients are compared to measured values obtained with 

this spectrometer and to existing measurements over the 

frequency range 26-40 GHz. The results obtained are in 

general agreement to within 5 to 10 per cent. A detailed 

knowledge of the absorption coefficient behavior as a 

function of frequency is of particular interest in the 

development of high-sensitivity 502 monitors, and 

investigations of the kinetics of fast chemical reactions . 
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Introduction 

The technique of microwave spectroscopy offers an 

attractive method Cl, !) for the study of pollutant gases 

of environmental interest. The polar molecule SOZ is of 

particular interest, both because it is an important 

pollutant and because it exhibits relatively strong absorp-

tions at microwave frequencies. For the purposes of 

pollutant moriitoring or investigations of the kinetics of 

chemical reacti~ns, it is desirable to select the transitions 

within a given frequency range having the strongest intensities. 

While the microwave spectrum of SOZ has been extensively 

studied by a number of authors, C~, i)· and compilations of 

measured and calculated frequencies have be~n made, calcula-

tions of the absorption coefficients corresponding to these 

transitions are not available. In order to obtain this 

information, a computer program was. written· to calculate 

both the frequencies and absorption coefficients. Since the 

results may be of interest to those studying the spectrum of 

SOZ' they are presented here. 

In the first portion of the paper the method of calcula

tion is described, and the results obtained are presented in 

table II. In the latter part, the calculated absorption 

coefficients are compared to existing "experimental measure-

men ts (~) over the frequency range Z6 -40 GHz and to new 
I 

measurements in the vicinity of 70 GHz. The experimental 

apparatus and techniques used in making these measurements 

are also described. 
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I. Calculations 

A. Calculation of the Energy Levels 

The·common isotope, 32 S1602 , of sulfur dioxide in its 

ground vibrational state is an asymmetric top with molecular 

symmetry'C2v and a dipole moment )Jb lying along the axis 

of intermediate moment of inertia. The rotational states 

can be identified by the quantum numbers J(K , K) where J p 0 
, 

is the total rotational quantum number and Kp and Ko are 

pseudo-quantum numbers describing the projection of J on 

the symmetry axis for the limiting prolate and oblate symmetric 

tops, respectively. Because of the molecular symmetry and the 

zero nuclear spin of 160, only states of the fo~~ (e,e) and 

(0,0) are allowed, where e and 0 specify the parity of the 

pseudo quantum numbers. The only· permitted dipole transitions 

are (e,e)·~ (0,0) with I:::.J = O,±l. 

Because of contributions due to centrifugal distortion, 

the rigid rotor approximation is inadequate to describe the 

rotational energy levels except for very low J values. In 

order to account for distortion effects, the rotational 

Hamiltonian can be expressed in the form H = ~2 + H4 + H6 + 

where the subscripts denote angular momentum operators of 

the nth power. For a rigid rotor, only terms of H2 are used. 

The theory of centrifugal distortion has been considered 

by Kivelson and Wilson (~) and by Watson C.D. The Kivelson-:-

Wilson formalism has the advantage that the parameters used 
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to describe the quartic Hamiltonian, HZ + H4 , can be related 

directly to the physical properties of the molecule such as 

the moments of inertia and the vibrational force constants. 

However, Watson has shown that the parameters obtained in 

this way are tiot all independent ,and hence cannot be used to 
. - -

obtain a unique fit to the observed rotational .spectrum. By 

means of an appropriate similarity transfor~ation, Watson has 

obtained a set of independent parameters which can, however, 

be used to fit the 

The microwave 

experimental data. 

3Z 16 . 
spectrum of S 0z has been measured and 

analyzed by a number of authors (l, ~). The most extensive 

measurements are due to Steenbeckeliers (~), who interpreted 

them in terms of the Watson formalism. Kirchhoff (~) has 

reviewed the Watson treatment in detail, and has obtained 

from the data of Steenbeckeliers and others a l6-parameter 

fit to the spectrum, including terms of the Hamiltonian up 

to H6 . These parameters have recently been revised by 

Lovas (~), and in this form were used in the present cal

culation. For the sake of completeness they are reproduced 

in table I. 

A'computer program was written to set up and dl.agonalize 

the rotational Hamiltonian matrices for each of the transitions 

permitted.by the dipole selection' rules. The form of the 

Hamiltonian chosen for HZ + H4 was identical to that us~d by 

Kirchhoff (!), and the necessary matrix elements were taken 

from his appendix A. The Wang-transformed prolate symmetric 
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rotor basis set was used, and the resulting sub~matrices 

obtained for each J value were diagonalized by computer. 

The contributions to the ener~y due to H6 were obtained by 

first order perturbation theory using eigenfunctions of 

HZ + H4 · 

B. Calculation of the Absorption Coefficients 

At the pressures normally employed in microwave spec-

troscopy, the unsaturated lineshape is approximately 

Lorentzian and the absorption coefficient has the form (.!.QJ 

y(v) = Z 2 ' (v-v) + (l:.v) o 

Z CNv (l:.v) (1) 

where N 3 is the number of molecules per em of the absorbing 

gas and Vo is the resonant frequency. In the pressure 

broadening regime (approximately 0.01-10 Torr), the linewidth 

l:.v is proportional to the pressure. Since the concentration 

N is also proportional to the pressure, the peak absorption 

at resonance y(v o) is pressure independent and is therefore 

a convenient parameter to characterize the magnitude of 

absorption. 

Under these conditions the peak absorption is given by (.!.Q) 

Ymax = 
3ckT 

(Z) 

where l].lij I is the magnitude of the dipole matrix element 

for the transition considered, W is the energy of the lower 
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state, T is the absolute temperature, and fv is the frac

tion of molecules in the ground vibrational state. Using the 

known fundamental vibrational frequencies (!!) of 32 Sl602 , 

the value fv = 0.917 was obtained for T = 293K. For the 

rotational partition function Qr' the expression (~) 

Qr = ~ VA;C (~Ty (3) 

was used. For 32 Sl602 the symmetry number, a = 2 and A,B,C 

are the rotational constants. The ratio N/~v can be 

evaluated once the linewidth is known at a given pressure. 

If (~v)l' the linewidth in MHz at one torr and 293K is 

specified, N/~v = 3.2957 X 1010/(~V)1' 

The quantity (2J +1) l~ijl2 can be expressed in terms 

of the line strength (~) for the transition defined as 

(2J+l)I~ .. 1
2 

S.. = 1J (4) 
1J ~2 

where ~ = 1.634D is the dipole moment (~) for S02 

(lD = 10- 18 esu). Line strengths for each transition were 

calculated using the direction cosine matrix elements derived 

by Schwendeman (!l) and the wave functions obtained by 

diagonalizing the energy matrices. 

C. Results 

Calculated frequencies and absorptionco~fficients are 

given in table II for all transitions up to J=50 having 

b . ff' . h 10 -10 -1 d f . a sorpt1on coe 1C1ents greater t an cm an requenc1es 
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less than ZOO GHz. Also given are the transition line 

strengths and the upper and lower state energies in units 

of cm- l 

The calculated frequencies were compared to the 

available measured data (~, !), and the average (RMS) 

deviation was found to be about 0.05 MHz. The largest 

deviation noted was about O.Z MHz. 

In order to calculate the absorption coefficients, it 

was necessary to assume a value for the linewidth parameter, 

(~V)l' Measurements and calculations (li) of the self

broadened linewidths f6r SOZ have been reported for a 

limited number of transitions. However, in view of the 

uncertainty of these results "and the lack of data for the 

majority of cases, an average linewidth of 16 MHz/torr was 

assumed, independent of the transition involved, although 

the linewidths are known to vary by as much as ±30%.If 

the actual linewidth for a given transition is known, 

however, the calculated absorption coefficient can be 

corrected by multiplying by the appropriate ratio. 

In calculating the absorption coefficients a room 

temperature value of Z93K (ZO°C) was assumed. Corrected 

coefficients for other temperatures c~n be easily deter

mined from equation (Z) with the use of th~ line strengths 

and energy levels given in table II. Since the abundance 
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of 32 Sl60in naturally occurring sulfur dioxide is about 
2 

94.5%, the coefficients in table II should be multiplied 

by 0.945 to obtain the absorption in a normal sample. 

II. Comparison with Experimental Measurements 

The measurement of intensities of microwave absorption 

lines by conventional spectrometers is known to be subject 

to large errors. With the widely used Stark-waveguide spec-

trometer, accuracies of absolute measu!ements eli) are rarely 

better than about 25 or 30%. For strongly absorbing sub

stances, methods e~) have been introduced for making absolute 

measurements accurate to within about 5%. More recently, 

microwave spectrometers said to be capable of ~easuring the 

intensities of weaker absorption lines to within 5% have 

been described e!1). 
A. Measurements between 26 and 40 GHz 

Measurements of the microwave spectrum of S02 have 
. 

recently been made by White (5) ,using a commercial computerized 

spectrometer. This instrument incorporated a calibration arm 

which permitted the sample cell absorption to be simulated by 

a precision attenuator and a diode switch connected to the 

Stark modulator. With this spectrometer it was possible to 

measure automatically not only the £requencies but also the 

linewidths and absorption coefficients. 
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In table III a comparison is shown of White's measure-

ments and the calculated 

number of transitions of 

peak absorption coefficients for a 
32 16 

S 02' The measurements were made 

at a temperature of 293 K and a pressure of 15 mtorr. A 

microwave power level of about 0.02 mwatt was used ln order 

to minimize saturation effects~ The uncertainties for the 

experimental linewidth parameters and absorption coefficients 

were estimated by the author (~) to be about ±10%. The 

calculated absorption coefficients were adjusted to correspond 

to the observed linewidths as described ~bove. 

As can be seen from the table, the agreement between the 

calcula ted and observed absorption coefficients is quite good', 

considering the uncertainties involved. However, it should 
o' 

be noted that the calculated absorption coefficients are, on 

the average, about 10% smaller than °the measured values. The 

reason for this apparent bias is not entirely understood. 

The measured linewidths have not been ~orrected for contribu- I 

tions arising from the Doppler effect or for any instrumental 

effects such as modulation or saturation broadening, and may 

be slightly larger than their true values (~). Independent 

measurements of the linewidths, for a few of the transitions 

given in table III have been reported (14) and were found to 

be narrower than the present values. 
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B. 'Measurements at 70 GHz 

Additional measurements tif some of the stronger transi-

tions of S02 in the vicinity of 70 GHz were made in this 

laboratory. A transmission cavity type of spectrometer 

employing a semi - confocal Fabry-Perot interferometer (1:2.) 

was used. The cavity consisted of two highly pOlished 

mirrors approximately 5 cm in diameter, silver plated and 

gold flashed. The concave mirrqr was spherical with a 

radius of cur~ature of 14.86 cm, and cotild be translated 

along its axis for tuning purposes by means of a micrometer 

drive of the type used in microscopes. The flat mirror 

contained two coupling holes about a centimeter apart, 

behind which the machined ends of the waveguides could be 

positioned. With this arrangement (~) it was possible to 

control the amount of coupling and the quality factor Q of 

the cavity by adjusting the insertion depth of the wave

guides. The cavity was operated in the fundamental TEMooq 

mode with a mirror separation approximately equal to half 

the mirror radius. At 69 GHz the number of half wavelengths 

q between the mirrors was equal to 34. The loaded Q of the 

cavity was about 25,000 and the transmiss"ion loss at 

resonance was about 18 dB. 

Microwave power was supplied by an OKI 70VlOA klystron 

mounted in a large oil bath for cooling and thermal sta-

bilization. A Baytron wafer-type crystal detector was used 
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to monitor the output of the transmission cavity. The 

sensitivity of this detector was m~asured, using a TRG wet 

calorimeter, and found,to be about 0.3 mV/~W when terminated 

in a one megohm load. The microwave frequencies were meas-

ured by zero-beating the 7th h~rmonic of a tunable, 

stabilized, X-band source with;the OKI V-band klystron output~ 

A counter directly measured the X-band source frequency. In 

addition, a diode modulator was used to provide a "fence" of 

marker frequencies on either side of the primary reference 

frequency. 

The cavity was mounted in a stainless steel chamber 

attached to a 6" diffusion pump vacuum system. A gas handling 

system consisting of a pressure regulator, a nee~le valve to 

bleed gas into the chamber, and a bypass valve connected to 

the vacuum pump was employed. The chamber could either be 

~illed statically to a given pressure or maintained under 

flowing conditions at any desired pressure by suitable 

adjustment of the valves. The latter configuration was 

preferred because it enabled the pressure to be changed 

rapidly from vacuum to the desired value in a reproducible 

fashion, simply by opening or ~losing a small bellows valve 

in series with the needle valve. The gas pressure in the 

chamber was ineasured·with a calibrated capacitance manometer, 

and the gas temperature was determined by thermocouples 

attached to the chamber. 
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The absorption coefficients were measured by employing 

the relationship (1:2., ~) 

(5) 

where Vo is the frequency of the transition, c is the 

velocity of light, Qo is the loaded Q of the cavity without 

the gas absorption, and Ql is the Q with the gas present. 

PI and Po represent 'respectively the peak output power of 

the cavity with and without the gas. The second form of 

Eq. (5) follows from the fact that, for a loosely coupled 

2 detector, the detected power varies as Q . 

The Q of the empty cavity was measured by super

imposing the frequency markers from the modulated X-band 

source on the 3dB-do~n points of the' cavity response curve. 

Thehalf~power points were established using a precision 

attenuator. It was found that the Q values obtained in 

this way were, reproducible to wi thin 3%, al though the varia

tions over a large frequency range and from day to day were 

larger. ,The Q value measurements were repeated at a number 

of points over the frequency range encompas~sing the absorption 

line and were found to be constant to within the above 
/ 
precision~ 
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The S02 gas, Matheson anhydrous grade with a stated 

purity of 99.98%, was then introduced into"the cavity using 

the flowing system described above. A pressure of approxi

mately 300 mtorrwas used for all the absorption lines 

measured. After measuring the peak re~ponse of the cavity, 

the gas was quickly pumped out: of the chamber and the output 

power restored to the same value by means of the precision 

attenuator. This process was then repeated at a number of 

frequencies over the width of each absorption line, and the 

absorption coefficients were calculated from Eq. (5). The 

resulting plot of absorption coefficient versus frequency 

was then used to obtain the peak absorption coefficient, 

y' b and the linewidth paramet'er, (6\1) l' The observed o s. 

and calculated peak absorption coefficients for thetransi-

tions measured are shown in table IV. As in table III the 

calculated absorption coefficients were obtained by using the 

measured linewidth parameters and the temperatures shown in 

the table. 
,. 

In measuring the absorption coefficients, care was taken 

to avoid saturation. In each case the microwave power level 

was reduced until no further increase in peak absorption 
\ 

could be observed. The micro~ave power entering the cavity 

under these conditions was estimated to be about 100 ~ watts 

from calorimeter data and a measurement of the input coupli~g 

coefficient. At this power level the amount of saturation 

expected was calculated to be no more than 3% for the 

6(1,5)-6(0,6) transition, and less for the other transitions 

observed. 
- 13 -



Each transition was measured several times to obtain an 

estimate of the reliability of the data, and the values ob-

tained for the linewidth parameters and peak absorption 

coefficients were found to be consistent from run to run to 

within about 5 !1: o • As can be seen from table IV, the calculated 

and observed absorption coefficierits are also in agreement 

within this precision. Calculated values (~) for the line

width parameters of some of the transitions in table IV are 

available. These were found to be between 5 and 15% smaller 

than the values measured here. The only case for which a 

prior measurement of the linewidth parameter is available 

is the 1(1,1)-0(0,0) transition. The value obtained (ill in 

this case was 12 MHz/torr, about 14% smaller than the present 

value. The reason for this discrepancy is not completely 

clear, and further measurements are planned to determine 

whether instrumental effects such as transmission-line 

resonances or other errors could be responsible. 

III. Summary 

The frequencies and absorption coefficients for the 

. 1 ... f 32 Sl60 lId f f rotatlona transltlons 0 2 were ca cu ate or re-

quencies up to 200 GHz~ The results are in good agreement 

with existing measurements in the frequency range from 26 to 

40 GHz and with new measurements in the vicinity of 70 GHz. 

The peak absarption coefficient· for the 6(1,5)-6(0,6) 

transition at 68.9 GHz was found to be a factor of ten 
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larger than any of the transitions below 40 GHz, and appears 

to be a good candidate for a sensitive detector of S02 at low 

concentrations. 
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Table I 

Watson Determinable Parameters for 32S160 
2 

A(MHz) 

B (MHz) 

C(MHz) 

L aaaa (MHz) 

Lbbbb (kHz) 

Lcccc(kHz) 

L1 (kHz) 

L2(kHz) 

L3(kHz)a 

Hj (MHz) 

H·k(MHz) 
J 

Hkj (MHz) 

11k (MHz) 

h j (MHz) 

h j Ix (MHz) 

hk(MHz) 

Rotational Constants 

60778.55529 ± 0.0056 

10317.91220 ± 0.0011 

8 799 . 6 5 1 0 5 6 ± 0 . 00 0 93 . 

Distortion Constants 

-9.917148 ± 0.00022 

-40.04591 ± 0.0075 

-12.82923 ± 0.0062 

388.3076 ± 0.11 

31.57071 ± 0.017 

727.839 ± 0.44 

(0.13729 ± 0.014) X 10- 7 

(0.11286 ± 0.029) X 10- 6 

(-0.184810 ± 0.00080) X 10-4 

(0.354211 ± 0.00059) X 10- 3 

(0.10146 ± 0.0024) X 10- 7 

(0.49316 ± 0.048) X 10- 6 

(0.12411 ± 0.015) X 10-4 

aThe value of L3 is set using the planarity conditiorts 8 

and is not a determinable parameter. 
XBL 756-1573 
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Transition 
Upper State Lower State 

J(Kp,Ko) J(K K) p' 0 . 

39( 7,33) 38( 8,30) 
27( 2,26) 26( 3,23) 
43( 9,35) 44( 8,36) 
19( 3,17) 18( 4,14) 
38( 4,34) 39( 3,37) 
11( 3, 9) 12( 2,10) 
29( 5,25) 28( 6,22) 
34( 6,28) 33( 7,27) 
15( 2,14) 14( 3,11) 
48(10,38) 49( 9,41) 
12(2,10) 13( 1,13) 
27( 6,22) 28( 5,23) 
18( 3,15) 17 (4,14) 
10( 2, 8) 11( I,ll) 
22( 5,17) 23( 4,20) 
1( 1, 1) ·2( 0, 2) 

50( 9,41) 49 (10 ,40) 
14( 2,12) 15C 1,15) 
32( 7,25) 33( 6,28) 
45( 8,38) 44( 9,35) 
37( 8,30) 38( 7,31) 
12( 3, 9) 13( 2,12) 
24( 4,20) 23( 5,19) 
40( 7,33) 39( 8,32) 

5( 2, 4) 6( 1, 5) 
2l( 5,17) 22( 4,18) 

8( 2, 6) 9( 1, 9) 
42( 9,33) 43( 8,36) 
49( 4,46) 48( 5,4;3) 
35( 6,30) 34( 7,27) 
8( 1, 7) 7( 2, 6) 

25( 4,22) 24( 5,19) 
25( 2,24) 24( 3,21) 
47(10,38) 48( 9,39) 
17( 2,16) 16( 3.13) 
4( 0, 4) 3( 1, 3) 

Table II 

S02 Pure Rotational State Transitions 

Calculated Absorption Line 
Frequency Coefficient Strength 

MHz -1 em 

521.431 1.798E-09 6.0229 
2838.924 4.269E-08 0.9116 
3045.788 3.157E-08 6.7961 
4027.080 4.543E-07 2.8501 
4195.719 2.965E-08 1. 0690 
4546.07l 5.623E-07 1.8746 
6837.403 8.305E-07 4.4710 
6848.427 5.397E-07 5.2544 
7i69.597 1.334E-06 2.0252 
7503.519 8.854E-08 7.5687 
8420.277 8.062E-07 0.7824 
8911.143 1.480E-06 4.2889 
9403.178 2.566E-06 2.7892 

11788.887 1.979E-06 0.9096 
12132.491 3.633E-06 3.4957 
12256.593 1.496E-06 0.5224 
13599.492 2.555E-07 7.7680 
14587.756 1. 763E-06 0.6215 
16681.036 3.426E-06 5.0525 
17539.857 9.374E-07 6.9930 
19637.091 2.788E-06 5.8251 
20335.437 1.060E-05 1.8292 
22482.530 1.235E-05 3.7275 
23034.772 3.205E-06 6.2209 
23414.284 9.300E-06 0.9520 
24039.688 1.457E-05 3.3243 
24083.495 9.043E-06 0.9353 
24319.697 2.244E-06 6.5952 
24915.569 3.198E-07 1.4106 
25049.453 6. 718E - 06 5.4415 
25392.777 1. 768E-05 1.6092 
26776.598 1.678E-05 3.8508 
27932.453 6.191E-06 1.1575 
28179.370 1.419E-06 7.3675 
28858.023 2.005E-05 2.0726 
29321.309 2.686E-05 1.6671 

... ~-

Energy Levels 
Upper State Lower State 

-1 -1 em em 

583.185 583.167 
243.898 243.803 
743.136 743.035 
136.917 136.782 
509.729 509.589 

57.549 57.398 
321.458 321. 230 
442.748 442.520 

82.937 82.698 
922.405 .922.154 

57.398 57.117 
303.254 302.957 
125.498' . 125.184 

42.347 41.953 
204.543 204.139 

2.321 1. 912 
954.268 953.814. 

75.150 74.663 
421.351 ,420.795 
77l.939 77l.354 
558.793 558.138 
65.306 . 64.627 

220.036 219.286 
608.955 - 608.186 
16.395 15.614 

190.419 189.617 
29.988 29.185 

715.566 714.755 
808.146 807.315 
465.180 464.345 

25.518 24.671 
235.619 234.726 
211.076 210.144 
891.641 890.701 
103.7l2 102.750 

6.360 5.382 

XBL 756~1574 

o 
o 
c 
....... 

. ,-,. 

J~ 

1\.";: 

C1 

f-.) 

.'-1 

.iQ:. 

01 



N 
a 

Transition 
Upper State Lower State 

J(K ,K ) p 0 J(Kp'.Ko) 

16( 2,14) 17( 1,17) 
28( 3,25) 29( 2,28) 
16( 4,12) 17( 3,15) 
26 ( 6,20) 27( 5,23) 
31( 7,25) 32( 6,26) 
30( 5,25) 29( 6,24) 
21( 3,19) 20( 4,16) 
15( 4,12) 16( 3,13) 
37( 3,35) 36( 4,32) 
46( 8,38) 45( 9,37) 
36( 8,28) 37( 7,31) 
41( 7,35) 40( 8,32) 
19( 2,18) l8( 3,15) 
23( 2,22) 22( 3,19) 

6( 2, 4) 7( 1, 7) 
41( 9,33) 42( 8,34) 
31( 5,27) 30( 6,24) 
14( 2,12) l3( 3,11) 
21( 2,20) 20( 3,17) 
46 (10,36) 47( 9,39) 
36( 6,30) 35( 7,29) 
20( 5,15) 21( 4,18) 
10( 3, 7) 11( 2,10) 
25( 6,20) 26( 5,21) 

9( 3, 7) 10( 2, 8) 
2( 1, 1) 2( 0, 2) 

40( 4,36) 41( 3,39) 
18( 2,16) 19( 1,19) 
30( 7,23) 31( 6,26) 
4( 1, 3) 4( 0; 4) 

47( 8,40) 46( 9,37) 
35 ( 8,28) 36( 7,29) 
20( 3,17) 19( 4,16) 
27( 4,24) 26( 5,21) 
40( 9,31) 41( 8,34) 
23( 3,21) 22( 4,18) 
42( 7,35) 41( 8,34) 
37( 6,32) 36( 7,29) 
19( 5,15) 20( 4,16) 

.. .;:: 

Calculated 
Frequency 

MHz 

30205.535 
31089.905 
31922.318 
34097.780 
36065.305 
36338.109 
37351.820 
38518.290 
38909.681 
39446.897 
41177.468 
42680.027 
43016.298 
43178.212 
44052.893 
44875.915 
47660.655 
47913.372 
48120.468 
48958.240 
51185.245 
51736.716 
52051.803 
52188.539 
53015.296 
53528.858 
54139.130 
54633.575 
58042.664 
59224.862 
59883.412 
61489.860 
61636.159 
64277.225 
65714.082 
66724.920 
66761.059 
67011.291 
67848.712 

Table II (continued) 

Absorption Line 
Coefficient Strength 

-1 cm 

5.23lE-06 0.4742 
3.40lE-06 0.7200 
2.824E-05 2.5117 
2.254E-05 4.0804 
1.707E-05 4.8540 
2.241E-05 4.6803 
3.769E-05 3.1088 
4.069E-05 2.3609 
3.994E-06 1. 3139 
4.230E-06 7.1887 
1.334E-05 5.6219 
9.994E-06 6.4101 
3.777E-05 1.9650 
2.150E-05 1.4450 
2.750E-05 0.8080 
8.48lE-06 6.3925 
3.623E-05 4.8351 
7.373E-05 2.3956 
3.683E-05 1.7.350 
4.844E-06 7.1637 
2.604E-05 5.6398 
6.76lE-05 3.1043 
6.224E-05 1.5173 
5.468E-05 3.8819 
6.135E-05 1.3968 
1.345E-04 2.4627 
3.197E-06 0.8869 . 
1.161E-05 0.3589 
4.684E-05 4.6475 
2.746E-04 4.1981 
8.655E-06 7.3787 
3.222E-05 5.4174 
1.134E-04 3,2231 
8.873E-05 4.1525 
2.009E-05 6.1869 
1.099E-04 3.2550 
2.213E-05 6.6029 
4.103E-05 5.8099 
1.163E-04 2.9072 

Energy Levels 
Upper State 

. -1 
cm 

95.589 
280.123 
114.309 
285.940 
400.825 
341.048 
163.122 
104.035 
461.494 
801. 533 
535.068 
635.281 
126.933 
180.632 

20.294 
688.642 
360.710 

75.150 
152.579 
861. 522 
488.515 
176.962 

50.538 
269.265 
44.115 

3.697 
561.844 
118.685 
380.950 

8.336 
831.728 
511.989 
150.973 
269.669 
662.364 
191.842 
662.399 
512.173 
164.140 

, . 

Lower State 
-1 

cm 

94.581 
279.086 
113.244 
284.803 
399.622 
339.835 
161.877 
102.750 
460.196 
800.217 
533.695 
633.858 
125.498 
179.191 

18.825 
687.145 
359.120 
.73.551 
150.973 
859.889 
486.808 
175.236 

48.802 
267.525 

42. 347 
1.912 

560.038 
116..862 
379.014 

6.360 
829.731 
509.938 
148.917 
267.525 
660.172 
189.617 
660.172 
509.938 
161.877 

XBI. 756-1575 
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Transition 
Upper State Lower State 

J(K K) p' 0 
J(K ,K ) 

p 0 

6( I, 5) 6( 0, 6) 
14( 4,10) 15( 3,13) 
45(10,36) 46( 9,37) 
1( I, 1) O( 0, 0) 
3( 2, 2) 4 ( 1, 3) 
4( 2, 2) 5( I, 5) 

30( 3,27) 31( 2,30) 
26( 4,22) Z5( 5,21) 
6( 0, 6) 5( I, 5) 

35( 3,33) 34 ( 4,30) 
24( 6,18) 25( 5,21) 
10( 1;,9) 9( 2,8) 
47( 4,44) 46( 5,41) 
29( 7,23) 30( 6,24) 
34( 8,26) 35( 7,29) 
48( 8,40) 47( 9,39) 
13( 4,10) 14(3,11) 

8( I, 7) 8( 0, 8) 
32( 5,27) 31( 6,26) 
43( 7,37) 42( 8,34) 
39( 9,31) 40( 8,32) 

8( 3, 5) 9( 2, 8) 
20( 2,18) 21( 1,21) 
33( 5,29) 32( 6,26) 
44(10,34) 45( 9,37) 
25( 3,23) 24( 4,20) 
18( 5,13) ~ 19( 4,16) 
49(11,39) 50 (10 ,40) 
23( 6,18) '24( 5,19) 
38( 6,32) 37( 7,31) 

7( 3, 5) 8( 2, 6) 
33( 3,31) 32( 4,28) 
28( 7,21) 29( 6,24) 
29( 4,26) 28( 5,23) 

2( 2, 0) 3( I, 3) 
33( 8,26) 34( 7,27) 
49( 8,42) 48( 9,39) 

3( I, 3) 2( 0, 2) 
16( 2,14) 15( 3,13) 
10( I, 9) 10( 0,10) 

Table II (continued) 

Calculated Absorption Line 
Frequency Coefficient Strength 

MHz -1 
cm 

68972 .145 4.75lE-04 5.5417 
69464.143 1.253E-04 2.1215 
69480.424 1.099E-05 6.9580 
69575.918 9.313E-05 1. 0000 
69653.602 3.63lE-05 0.4052 
70134.391 4.738E-05 0.5281 
72437.264 1. 235E-05 0.5790 
72668.072 1.222E-04 4.1188 
72758.210 2.906E-04 3.0104 
73430.451 2.22lE-05 1.6293 
74866.567 1.155E-04 3.6707 
764l2.116 2.269E-04 2.4040 
76539.860 4.933E-06 1.6945 
77926.741 8.896E-05 4.4411 
82409.535 6.234E-05 5.2095 
82752.788 1.462E-05 7.5688 
82952.019 1. 700E-04 1.9277 
83688.071 7.685E'-04 6.3767 
84320.923 1. 075E-04 5.0545 
85246.955 3.246E-05 6.7804 
86153.727 3.799E-05 5.9795 
86639.137 1.372E-04 1.1309 
86828.918 1.996E-05 0,.2757 
87926.348 1.079E-04 5.1623 
90005.081 2.068E-05 6.7503 
90548.220 1.744E-04 3.2581 
91550.522 2.087E-04 2.6892 
93641. 777 1.002E-05 7.5227 
94064.767 1.861E-04 3.4621 
97466.399 7.988E-05 6.0079 
97702.389 1.490E-04 0.9403 
97994.155 6.056E-05 2.0083 
98976.324 1.503E-04 4.2301 
99392.605 1.879E-04 4.3772 

100878.119 3.070E-05 0.1610 
102690.045 1. 037E-04 4.9999 
102707.110 1.982E-05 7.7500 
104029.398 4.156E-04 2.0148 
104033.541 3.968E-04 2.9960 
104239.272 1.182E-03 6.6996 

·-F'-
'" 

Energy Levels 
Upper State Lower State 

-1 -1 cm cm 

15.614 13.313 
94.435 92.118 

832.048 829.731 
2.321 0.000 

10.659 8.336 
13.226 10.886 

319.048 316.632 
253.170 250.746 

13.313 10.886 
415.761 413.312 
253.243 250.746 

38.027 35.478 
747.157 744.604 
361. 720 359.120 
489.557 486.808 
862.649 85'9.889 

85.465 . , 82.698 
25.518 22.727 

381.827 379.014 
689.989 687.145 
636.732 633.858 

38.368 35.478 
144.397 141.501 
402.555 399.622 
803.220 800.217 
223.056 220.036 
151.971 148.917 
988.993 985.870 
237.864 234.726 
536.946 533.695 

33.247 29.988 
372.404 369.135 
343.137 339.835 
306.272 302.957 

8.747 5.382 
467.770 464.345 
894.127 890.701 

5.382 1. 912 
95.589 92.118 
38.027 34.549 
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N 
N 

, Transition 
Upper State Lower State 

J(Kp,Ko ) J(Kp,Ko ) 

38( 9,29) 39( 8,32) 
27 ( 3,25) 26( 4,22) 
12( 4, 8) 13( 3,11) 
42( 4,38) 43( 3,41) 
39( 6,34) 38(7,31) 
17( 5,13) 18( 4,14) 
43(10,34) 44( 9,35) 
31( 3,29) 30( 4,26) 
44( 7,37) 43( 8,36) 
48 (11 ,37) 49(10,40) 
29( 3,27) 28( 4,24) 
22( 6,16) 23( 5,19) 

8e 0, 8) 7( 1, 7) 
22( 3,19), 21( 4,18) 
27( 7,21) 28( 6,22) 
32( 3,29) 33( 2,32) 
45( 4,42) 44( 5,39) 

6( 3, 3) 7( 2, -6) 
32( 8,24) 33( 7,27) 
11( 4, 8) 12( 3, 9) 
22( 2,20) 23( 1,23) 
37( 9,29) 38( 8,30) 
35( 5,31) 34( 6,28) 
50( 8,42) 49( 9,41) 
28( 4,24) 27( 5,23) 
45( 7,39) 44( 8,36) 

·12( 2,10) 12( 1,11) 
12( 1,11) 11( 2,10) 
10( 2, 8) 10( 1, 9) 
42(10,32) 43(9,35) 
31( 4,28) 30(5,25) 
12( 1,11) 12( 0,12) 
16( 5,11) 17( 4,14) 
14( 2,12) 14( 1,13) 

8( 2, 6) 8( 1, 7) 
47(11,37) 48(10,38) 
21( 6,16) 22(5,17) 

5( 1, 5) 4( 0,4) 
34( 5,29) 33( 6,28) 

, -.:-

. 
Calculated 
Frequency 

MHz 

106674.763 
107060.307 
107843.549 
108915.432 
108955.965 
109757.682 
110363.756 
111755.115 
111875.496 
113970.825 
114565.473 
115317.631. 
116980.408 
118577.435 
118994.267 
119483.027 
120023.415 
123057.734 
123194.663 
124864.844 
125427.214 
126962.421 
126980.819 
127081. 815 
127428.272 
128103.796 
128605.086 
129105.736 
129514.783 
130679.859 
130859.558 
131014.811 
131274.959 
132744.800 
134004.802 
134203.763 
134943.377 
135695.985 
135963.134 

Table II (continued) 

Absorption Line Energy Levels 
Coefficient Strength Upper State Lower State 

-1 -1 -1 cm cm cm 

6.374E-05 5.7698 611.744 608.186 
1.974E-04 3.1035 256.741 253.170 
2.653E-04 1.7011 77.149 73.551 
8.502E-06 0.7553 616.467 612.834 
9.065E-05 6.1514 561.773 558.138 
2.935E-04 2.4786 140.444 136.782 
3.471E-05 6.5409 775.035 771.354 
1.163E-04 2.4200 331. 436 327.708 
5.018E-05 6.9690 718.487 714.755 
1. 690E-05 7.3132 957.616 953.814 
1.715E-04 2.8074 292.875 289.053 
2.830E-04 3.2473 223.132 219.286 
1.104E-03 4.6013 22.727 18.8.2 5 
4.219E-04 3.6874 179.191 175.236 
2.260E-04 4.0180 325.199 321.230 
2.282E-05 0.4785 360.516 356.530 
1.98lE-05 2.0607 688.523 684.520 
1. 835E-04 0.7109 28.776 24.671 
1. 591E-04 4.7878 446.629 442.520 
3.242E-04 1.4892 69.471 65.306 
2.885E-05 0.2180 172.676 168.492 
9.836E-05 5.5584 587.402 583.167 
1.918E-04 5.4380 446.984 442.748 
2.662E-05 7.9346 926.393 922.154 
3.478E-04 4.5'075 289.053 284.803 
5.859E-05 7.1300· 747.308 743.035 
2.428E-03 9.9022 57.398 53.108 
8.529E-04 3.3797 53,108 48.802 
2.086E-03 7.7914 42.347 38.027 
5.410E-05 6.3297 747.495 743.136 
2.775E-04 4.4960 345.413 341.048 
1.72 7E - 03 6.6440 53.108 48.738 
4.05lE-04 2.2595 129.563 125.184 
2.806E-03 11.7146 75.150 70.722 
1.735E-03 5.6922 29.988 25.518 
2.654E-05 7.1023 926.881 922.405 
3.89IE-04 3.0325 209.045 204.543 
1.075E-03 3.1320 10.886 6.360 
2.438E-04 5.4126 425.330 420.795 

XHL 7'i6·1577 
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VI 

("~--

Transition 
Upper State Lower State 

J(Kp' Ko) J(Kp,KO) 

5( 3, 3) 6( 2, 4) 
26( 7,19) 27( 6,22) 

6( 2, 4) 6( 1, 5) 
16( 2,14) 16( 1,15) 
31( 8,24) 32( 7,25) 
40( 6,34) 39( 7,33) 
10( 4,,6) 11( 3, 9) 

4( 2, 2) 4( 1, 3) 
36( 9,27) 37( ,8,30) 
15( 5,11) 16( 4,12) 
41( 6,36) 40( 7,33) 
4~(10,32) 42( 9,33) 

2( 2, 0) 2( 1, 1) 
43( 4,40) 42( 5,37) 
46(11,35) 4}(10,38) 
20( 6,14) 21( 5,17) 
33{ 4,30) 32( 5,27) 

3( 2, 2) 3( 1, 3) 
46( 7,39) 45( 8,38) 
25( 7,19) 26 ( 6,20) 
18( 2,16) 18C 1,17) 
4( 3, 1) 5(.2, 4) 

10( 0,10) '9( 1,9) 
18( 2,16) 17( 3,15) 
30( 8,22) 31( 7,25) 
14( 1,13) 14( 0,14) 
37( 5,33) 36( 6,30) 
9( 4, 6) 10 ( 3, 7) 
5( 2, 4) 5( 1, 5) 
7( 1, 7) 6( 0, 6) 

44( 4,40) 45( 3,43) 
35( 9,27) 36( 8,28) 
24( 2,22) 25( 1,25) 
34( 3,31) 35( 2,34) 
14 ( 5,9) 15( 4,12) 
40(10,30) 41( 9,33) 
47( 7,41) 46( 8,38) 
45(11,35) 46(10,36) 

Table II (continued) 

Calculated Absorption 
Frequency Coefficient 

MHz -1 
/ 

,cm 

,139355.077 1.703E-04 
139474.534 3.21lE-04 
140306.160 1. 344E-.03 
143057.045 3.270E-03 
143357.780 2.284E-04 
146393.784 1.495E-04 
146550.129 3.949E-04 
146605.515 9.020E-04 
147239.172 1.434E-04 
150381.179 5.070E-04 
150487.014 1. 414E -04 
150878.656 7.979E-05 
151378.659 3.769E-04 
153677.165 5.239E-05 
154373.232 3.963E-05 
155389.7l5 5.133E-04 
157135.414 3.263E-04 
158199.773 6.763E-04 
158845.046 8.021E-05 
159447.97l 4.309E-04 
160342.940 3.846E-03 
160543.066 1.385E-04 
160827.792 2.773E-03 
163119.361 1.092E-03 
163567.624 3.134E-04 
163605.504 2.396E-03 
163924.886 2.649E-04 
165123.722 4.307E-,04 
165144.638 1.222E-03 
165225.412 2.179E-03 
166387.011 1.325E-05 
167367.207 1.998E-04 
168789.993 3.711E-05 
170293.690 3.212E-05 
170754.656 6.135E-04 
171017.868 1.129E-04 
171036.665 8.19lE-05 
174463.722 5.686E-05 

Line 
Strength 

0.5048 
3.8032 
3.8327 

12.9707 
4.5742 
6.3570 
1.2678 
2.2725 
5.3452 
2.0425 
6.4573 
6.1170 
0.8707 
2.5077 
6.8899 
2.8148 
4.4790 
1.4423 
7.3l72 
3.5872 

13.5645 
0.3028 
6.4303 
3.7203 
4.3588 
6.4105 
5.6418 
1.0522 
2.4563 
4.4298 
0.6613 
5.1307 
0.1789 
0.4080 
1.8229 
5.9030 
7.4534 
6.6762 

~-

"1 

Energy Levels 
Upper State Lower State 

-1 -1 cm cm 

24.943 20.294 
307.907 303.254 

20.294 15.614 
95.589 90.817 

426.133 421.351 
588.068 583.185 
62.438 57.549 
13.226 8.336 

563.705 558.793 
119.325 114.309 
613.974 608.955 
720.599 7l5.566 

8.747 3.697 
632.257 627.131 
896.790 891.641 
195.602 190.419 
387.068 381.827 
10.659 5.382 

777.238 771.939 
291.259 285.940 
118.685 113.336 

21.750 16.395 
34.549 29.185 

118.685 - 113.244 
406.281 400.825 

70.722 65.264 
493.983 488.515 

56.046 50.538 
16.395 10.886 
18.825 13.313 

673.522 667.972 
540.651 535.068 
203.463 197.833 
404.456 ,398.776 
109.730 104.035 
694.346 688.642 
807.238 801.533 
867.342 861.522 
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N 
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Transition 
Upper State Lower State 

J(Kp ,K
9

) J(Kp,Ko ) 

19(6,14) ZO( 5,15) 
7( 2, 6) 7( 1, 7) 

41( 4,38) 40( 5,35) 
35( 4,32) 34( 5,29) 

3( 3, 1) 4( 2, 2) 
24 ( 7,17) 25( 6,20) 
24( 3,21) 23( 4,20) 
14( 1,13) 13( 2,12) 
29( 8,22) 30( 7,23) 
20( 2,18) 20( 1,19) 

8 ( 4, 4) 9( 3, 7) 
37( 4,34) 36( 5,31) 
39( 4,36) 38( 5,33) 
30( 4,26) 29( 5,25) 
34 ( 9,25) 35( 8,28) 
9( 2, 8). 9( 1., 9) 

13( 5, 9) 14( 4,10) 
43( 6,38) 42( 7,35) 
39(10,30) 40(9,31) 
36( 5,31) 35( 6,30) 

2( 2, 0) 1( 1, 1) 
9( 1, 9) 8( 0, 8) 

44(11,33) 45(10,36) 
18( 6,12) 19( 5,15) 
22( 3,19) 22( 2,20) 
20( 3,17) .20( 2,18) 
39( 5,35) 38( 6,32) 
49(12,38) 50(11,39) 
42( 6,36) 41( 7,35) 
23( 7,17) 24( 6,18) 

~ ... ".. 

Table II (continued) 

Calculated Absorption 
Frequency Coefficient 

MHz 
-1 

cm 

175101.415 6.424E-04 
175275.702 1. 780E-03 
176295.978 1.083E-04 
176466.426 3.195E-04 
179006.143 7.324E-05 
179560.985 5.571E-04 
180045.344 9.658E-04 
182706.004 2.144E-03 
183582.666 4.137E-04 
184969.807 4.532E-03 
185278.425 4.455E c 04 
187055.576 2.64IE-04 
187338.074 1. 845E -04 
187370.361 6.849E-04 
187446.5S3 2.689E-04 
188654.948 2.374E-03 
190148.713 7.020E-04 
191021.046 1.823E-04 
191066.911 1.545E c 04 
192236.352 4.172E-04 
192650.924 1.043E-03 
193609.379 3.843E-03 
194491.501 7.905E-05 
195080.384 7.774E-04 
195320.394 5.551E-03 
197142.031 5.669E-03 
197585.500 

, 
3.09IE-04 

197709.529 3.617E-05 
198847.984 2.247E-04 
199415.906 6.952E-04 

Line Energy Levels 
Strength Upper State Lower State 

-1' -1 
cm cm 

2.5966 182.803 176.962 
3.3035 24.671 18.825 
3.0120 578.375 572.494 
4.3049 431.216 425.330 
0.1268 19.197 13.226 
3.3695 275.255 269.265 
4.2195 210.144 204.139 
4.5841 70.722 64.627 
4.1422 387.074 380.950 

13.5736 144.397 138.228 
0.8378 50.295 44.115 
3.9750 477.832 471. 593 
3.5236 526.893 520.644 
4.9153 327.708 321.458 
4.9147 518.242 511.989 
4.0012 35.478 29.185 
1. 6046 100.778 94.435 
6.7149 668.771 662.399 
5.6877 668.737 662.364 
5.7614 471.593 465.180 
1.4776 8.747 2.321 
5.9573 29.185 22.727 
6.4614 838.536 832.048 
2.3774 170.647 164.140 

17.6592 179.191 172.676 
15.4061 150.973 144.397 

5.7480 543.537 536.946 
7.2361 1027.609 1021.014 
6.6872 641.914 635.281 
3.1510 259.895 253.243 

XHL 756-1579 
,. 



Table II I 

Calculated and Observed Absorption Coefficients for S02 

Frequency (lIv)l b Yobs . Yca1c . . ,0 s . 
Transition MHz MHz/torr cm- 1 cm- 1 

25(4,22) - 24(5,19) 26776.59 19 1. 6 X 10- 5 1.4 X 10- 5 

25(2,24) - 24(3,21) 27932.42 18 5.4 X 10- 6 5.3 X 10- 6 

17(2,16) - 16(3,13) 28858.02 18 1.8 X 10- 5 1.7 X 10- 5 

4 (0, 4) - 3(1, 3) 29321.33 13 3.2 X 10- 5 3.2 X 10- 5 

16(2,14) w 17(1,17) 30205.55 18 4.9 X 10- 6 4.4 X 10- 6 

28(3,25) - 29(2,28) 31089.92 19 3.0 X 10- 6 2.7 X 10- 6 
, 

16(4,12) - 17(3,15) 31922.28 20 2.5 X 10- 6 2.1 X 10- 6 

26(6,20) - 27(5,23) 34097.75 18 2.1 X 10- 5 1.9 X 10- 5 

31(7,25) - 32(6,26) 36065.28 17 1.7 X 10- 5 1.5 X 10- 5 

30(5,25) - 29(6,24) 36338.10 18 2.0 X 10- 5 1.9 X 10- 5 

21(3,19) - 20(4,16) 37351.81 18 3.2 X 10- 5 3.1 X 10- 5 

15(4,12) - 16(3,13) 38518.22 19 3.7 X 10- 5 
3.3 X 10- 5 

46(8,38) - 45(9,37) 39447.01 16 4.8 X 10- 6 4.1 X 10- 6 

XBL 756-1580 
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Table IV 

Calculated and Observed Absorption Coefficients for S02 

Frequency Temp. (6\i)1,obs. Yobs. 
Transition MHz oK MHz/torr cm- 1 

19 (.5 ,15) - 20(4,16) 67848.7 297 18 9.4 X 10- 5 

6(1, 5) - 6(0, 6) 68972.2 298 15 4.5 X 10- 4 

14(4,10) - 15(3,13) 69464.1 297 19 1.0 X 10- 4 

1(1, 1) - 0(0, 0) 69575.9 297 14 9.2 X 10- 5 

26(4,22) - 25 (5 ,21) 72668.1 298 19 9.6 X 10- 5 

6(0, 6) - 5(1, 5) 72758.2 300 14 2.7 X 10- 5 

t., ........ "-. i 

Yca1c . 
cm- 1 

9.5 X 10- 5 

4.6 X 10- 4 

9.7 X 10- 5 

9.0 X 10- 5 

9.2 X 10- 5 

2.8 X 10- 5 

XBL 756-1581 

;,; 



.-________ LEGAL NOTICE---------~ 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Energy Research and Development Administration, nor any of 
their employees,· nor any of their contractors, subcontractors, or 
their employees, makes any warranty, express or implied, or assumes 
any legal liability or responsibility for the accuracy, completeness 
or usefulness of any information, apparatus, product or process 
disclosed, or represents that its use would not infringe privately 
owned rights. 
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