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SUMMARY 

The var ious  mechanisms which con t r ibu te  t o  sound absorpt ion i n  t h e  atmos- 
phere have been i d e n t i f i e d  and a technique f o r  computing the  cont r ibu t ion  from 
each is presented.  The similarities between sound absorpt ion,  laser f luores-  
cence measurements, and t h e  opto-acoustic e f f e c t  are discussed. F ina l ly ,  
experimental  sound absorpt ion r e s u l t s  w e r e  compared t o  p red ic t ions  t o  test t h e  
microscopic energy t r a n s f e r  approach. 

INTRODUCTION 

Perhaps the  most a t t r a c t i v e  aspec t  of a comprehensive knowledge of b a s i c  
phys ica l  phenomena i s  t h e  c a p a b i l i t y  of applying t h a t  knowledge t o  t h e  s o l u t i o n  
of p r a c t i c a l  engineering problems. Too o f t en ,  t h e  p h y s i c i s t  i s  s o  engrossed i n  
h i s  e legant  esoteri!c t heo r i e s  t h a t  he neg lec t s  p o t e n t i a l  appl ica t ion .  Too 
of ten ,  t h e  engineer i s  so  busy parameterizing h i s  observat ions that he  f a i l s  t a  
i d e n t i f y  t h e  b a s i c  physics involved wi th  a view towards a r igorous so lu t ion  t o  
h i s  problems. 
where p h y s i c i s t s  and engineers  have worked together  t o  so lve  problems of mutual 
i n t e r e s t .  The f i e l d  of acous t ics ,  due t o  the  way i n  which i t  has  evolved, i s  
one of t he  b e s t  examples of t h i s  exchange of knowledge and i n t e r e s t .  

Although these  extremes are much too  common, the re  are many cases 

This paper i s  going t o  d e a l  with t h e  top ic  of sound absorpt ion i n  the  
atmosphere. 
when p red ic t ing  community no i se  around a i r p o r t s  o r  when c e r t i f y i n g  a i r c r a f t  is  
hopeful ly  obvious t o  most of you. 
t i o n  between sound absorpt ion and t h e  design of high energy lasers o r  t he  study 
of t he  i n t e r a c t i o n  p o t e n t i a l  between i n t e r a c t i n g  molecules. 
t h i s  paper desc r ibe  a procedure f o r  computing sound absorpt ion,  i t  w i l l  a l s o  
attempt t o  poin t  out  t h e  c lose  r e l a t i o n  between these  apparent ly  q u i t e  d i f f e r e n t  
subjec ts .  

The need f o r  a r e l i a b l e  procedure t o  c a l c u l a t e  sound absorpt ion 

Perhaps not  so  f a m i l i a r  i s  t h e  c lose  rela- 

So not  only w i l l  
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-1 absorption c o e f f i c i e n t ,  db - m 

speed of sound, m - sec 

s p e c i f i c  hea t  a t  constant volume, J - (kg mole) 

s p e c i f i c  hea t  a t  constant volume a t  frequencies w e l l  above t h e  r e l axa t ion  
frequency, J - (kg mo1e)’l - K’l 

s p e c i f i c  heat a t  constant pressure a t  frequencies w e l l  above re laxa t ion  
frequency, J - (kg mo1e)‘l - 
re lax ing  s p e c i f i c  hea t ,  J - (kg mole) 

acous t ic  frequency, Hz 

r e l axa t ion  frequency, Hz 

-1 

-1 - f1  

K’-l 

-1 - K-l 

L 

f 

v i b r a t i o n a l  r e l axa t ion  frequency of oxygen a t  atmospheric pressure ,  Hz 

v i b r a t i o n a l  r e l axa t ion  frequency of n i t rogen  a t  atmospheric pressure ,  Hz 
r YO 

r , N  

h 

P 

P 

R 

0 

S 

T 

T 

X 
0 
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absolu te  humidity, percent 

ambient pressure ,  N - m 

reference pressure ,  1.01325 x 10 N - m 

un ive r sa l  gas constant,  8.31432 x 10 J - (kg mole) K 

r e l axa t ion  s t r eng th  

temperature, K 

re fe rence  temperature, K 

mole f r a c t i o n  

-2 

5 -2 

-1 -1 3 

L c o l l i s i o n  number 

a 

r o t  
-1 at tenuat ion  c o e f f i c i e n t ,  nepers - m 

a a t t enua t ion  c o e f f i c i e n t  f o r  c l a s s i c a l  absorption, nepers - m -1 c l  

c r  01 combined c l a s s i c a l  and r o t a t i o n a l  re laxa t ion  a t tenuat ion  coe f f i c i en t ,  

nepers - m -1 

i 
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-1 
L r o t  

I r a t i o  of s p e c i f i c  hea ts  

r o t a t i o n a l  r e l axa t ion  a t t enua t ion  c o e f f i c i e n t ,  nepers - m 

-1 -1 
: coeffi$ent of thermal conductivity,  J - (kg mole) - Kvl - kg - m 

-1 
I coe f f i c i en t  of v i s c o s i t y ,  kg - m - sec  

-1 re l axa t ion  time, sec 

-1 
I angular acous t ic  frequency (2nf ) ,  rad - s e c  

DI S CUSS I O N  

Sound absorption i n  the  absence of turbulence can be divided i n t o  two cate- 
,o r ies :  c l a s s i c a l  apsorption due t o  v i s c o s i t y ,  thermal conduction, and d i f fus ion ;  
nd r e l&a t ion  absorption due t o  v i b r a t i o n a l  and r o t a t i o n a l  r e l axa t ion  of a i r  
olecules.  
r e s su re  waves provtided t h e  c o e f f i c i e n t s  of v i s c o s i t y ,  thermal conduction, and 
i f f u s i o n  are known ( r e f .  1 ) .  
i c roscopic  basis, i t  is  found t h a t  each can be expressed i n  terms of t h e  poten- 
i a l  of i n t e r a c t i o n  between co l l i d ing  molecules ( r e f .  2 ) ;  hence, they are not inde- 
endent q u a n t i t i e s  and need not be measured separa te ly .  
uken equation (ref,. 3 )  

Class ich l  absorption can be rigorously computed f o r  s m a l l  amplitude 

I f  these th ree  q u a n t i t i e s  are considered on a 

A s  an example, t he  

K = (15R /4)[cV/(15R) + 3/51 (1) 

an be used t o  express t h e  c o e f f i c i e n t  of thermal conductivity i n  terms of the  
oe f f i c i en t  of v i scos i ty .  S i m i l a r  expressions e x i s t  f o r  t h e  d i f f u s i o n  coeffi-  
i e n t s .  However, i n  a i r  the  masses of t h e  cons t i t uen t  molecules do not d i f f e r  
ppreciably; hence, d i f fus ion  need not be considered i n  absorption ca l cu la t ions  
re f .  3 ) .  

By s u b s t i t u t i n g  numerical va lues  i n t o  the  equation f o r  sound absorption i n  
viscous medium and using equation (l), t h e  absorption due t o  classical mechanisms 

:comes 

(2) 
2 a = [ 2 ~ f  / P ~ ) ] ( 1 . 8 8  ) 

p a t i o n  (2) has  been v e r i f i e d  under a wide v a r i e t y  of pressures,  frequencies, and 
mperatures ( r e f s .  4 and 5) and has been found v a l i d  provided t h e  wavelength of 
mnd does not approach the  mean f r e e  pa th  (f/P<lOOMHz/atm). 
mnd absorption f o r  cases where the  frequency is  t h e  same as o r  less than the  
?an f r e e  pa th  is s t i l l  an a c t i v e  area of study ( r e f .  3) bu t  f o r  problems i n  
mospheric acous t ics ,  classical absorption can be considered known. 

The study of 
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The second source of sound absorption, t he  most va r i ab le  and hence most 
d i f f i c u l t  t o  p r e d i c t ,  i s  t h a t  due t o  relaxation. When two o r  more atoms j o i n  
t o  form a molecule, t h a t  molecule is f r e e  t o  r o t a t e  and v i b r a t e  as w e l l  as t o  
move t r a n s l a t i o n a l l y .  
cal absorption; the  r o t a t i o n  and v ib ra t ion  give rise t o  r e l axa t ion  absorption. 
For now consider only a gas composed of one spec ie  of diatomic molecules. 
t h e  sound wave period i s  genera l ly  much s h o r t e r  than t h e  t i m e  required t o  esta- 
b l i s h  thermal equilibrium wi th  the  surroundings, thewave propagates ad iaba t i -  
ca l ly .  Under these  conditions,  as t h e  p o s i t i v e  pressure p a r t  of t h e  sound wave 
impinges on a gas segment, t h e  l o c a l  temperature rises and t h e  molecules seek 
t o  promote a larger4number t o  a state of e x c i t a t i o n  i n  order t o  maintain a Boltz 
mann d i s t r i b u t i o n .  But molecules can only reach a higher state during co l l i s ion  
and even then t h e  p robab i l i t y  of e x c i t a t i o n  is  less than uni ty  so  some t i m e  is  
required f o r  t h e  gas t o  react t o  the  change i n  temperature. The r e s u l t  is a 
phase l ag  which tends t o  dampen t h e  acous t ic  s i g n a l  i f  t h e  period of t he  sound 
wave i s  of t h e  same order o r  less than t h e  t i m e  t o  achieve a new d i s t r i b u t i o n  of 
of exc i ted  molecules. 

The t r a n s l a t i o n a l  degrees of freedom give rise t o  c l a s s i -  

Since 

The t i m e  required fo r  t he  molecules t o  reach a new equilibrium once 
d is turbed  is characterized by the  r e l axa t ion  t i m e .  
r e laxa t ion  process can be w r i t t e n  as ( r e f .  6) 

The absorption due t o  a 

s = -Rc'/[c m ( c V ~  + c ' ) ]  
P 

The r e l axa t ion  t i m e  f o r  a s p e c i f i c  i n t e r n a l  mode (v ibra t ion  o r  ro t a t ion )  of a 
gas i s  propor t iona l  t o  the  p robab i l i t y  t h a t  a s i n g l e  c o l l i s i o n  w i l l  r e s u l t  i n  
e x c i t a t i o n  and the  frequency of c o l l i s i o n s .  Since t h e  c o l l i s i o n  frequency i s  
inverse ly  proportional t o  the  gas pressure,  i t  is  obvious t h a t  t h e  relaxatkon 
t i m e  w i l l  vary inverse ly  with pressure.  

Each i n t e r n a l  mode of t h e  molecule w i l l  respond t o  changes i n  temperature 
a t  a d i f f e r e n t  rate so,  normally, each w i l l  have a separa te  r e l axa t ion  t i m e .  
The r o t a t i o n a l  energy l e v e l s ,  a t  reasonable temperature, are more c lose ly  spacec 
than v i b r a t i o n a l  l eve l s ;  hence, a t r a n s i t i o n  from one r o t a t i o n a l  state t o  anothc 
is  genera l ly  more rap id  than a v i b r a t i o n a l  t r ans i t i on .  I n  f a c t ,  fo r  atmospheric 
cons t i tuents ,  only about f i v e  c o l l i s i o n s  are necessary t o  e s t a b l i s h  r o t a t i o n a l  
equilibrium ( r e f .  7 ) .  Hence, a t  atmospheric pressure ,  t h e  r o t a t i o n a l  re laxa t ior  
t i m e  is  less than a nanosecond. 

I f ,  as i s  customary, w e  w r i t e  t h e  r e l axa t ion  t i m e  as t h e  value it has a t  
atmospheric pressure,  then t h e  r o t a t i o n a l  r e l axa t ion  t i m e  f o r  a i r  i s  on the  ordc 
of a ha l f  of a nanosecond. For acous t ic  frequencies less than 10 MHz, equation 
1 f o r  r o t a t i o n a l  r e l axa t ion  of a i r  becomes 

01 = 01 * ,0681 Zrot ( 4 )  r o t  c l  

where t h e  c o l l i s i o n  frequency has been expressed i n  t e r m s  of t he  v i s c o s i t y  
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and Zrot is t h e  number of c o l l i s i o n s  necessary t o  e s t a b l i s h  r o t a t i o n a l  e q u i l i -  
brium. 
approximation, over t he  temperature range 213 K t o  373 K, t he  combined c l a s s i -  
cal  and r o t a t i o n a l  r e l axa t ion  absorpt ion is  given by 

Using experimental  values  of Zrot, i t  can be shown t h a t  t o  a good 

cr = 18.4 x 10-12(T/To)1/2 f2(P/Po) 

This  equat ion has  been thoroughly v e r i f i e d  experimentally ( re f .  4 ) .  

Vibra t iona l  r e l axa t ion  represents  a more formidable problem. The vibra- 
t i o n a l  energy l e v e l s  ava i l ab le  i n  a i r  are shown i n  f i g u r e  1. I f  each of t hese  
v i b r a t i o n a l  modes exchanged energy only with t r a n s l a t i o n ,  t he  problem would be 
r e l a t i v e l y  simple. But t h a t ' s  not t h e  way na tu re  p l ays  t h e  game. Ins tead ,  i f  
t h e r e  are water vapor molecules around, oxygen v i b r a t i o n  i s  more l i k e l y  t o  
ga in  a quantum of v i b r a t i o n a l  energy during a c o l l i s i o n  wi th  a water molecule 
than i t  is  d i r e c t l y  from t r a n s l a t i o n .  I f  t he re  is no water vapor i n  t h e  a i r ,  
oxygen i s  most l i k e l y  t o  become exc i t ed  by energy t r a n s f e r  from carbon dioxide 
during an oxygen-carbon d ioxide  col l i /s ion.  
pa ths  make t h e  r e s u l t i n g  mathematical equat ions more complex. The equat ions 
and t h e i r  so lu t ions  are q u i t e  similar t o  the treatment of coupled spr ings  
( r e f .  8 ) .  I n  both cases, a normal mode ana lys i s  is  appropriate .  

These d i f f e r e n t  energy t r a n s f e r  

Before continuing t h i s  d i scuss ion  of sound absorpt ion,  consider  t h e  s i m i -  
lar i t ies  between the  above problem and t h a t  of designing a high power carbon 
dioxide laser. 
l o s e s  l i t t l e  energy through c o l l i s i o n a l  processes;  t h a t  i s ,  i f  t h e  r e l axa t ion  
t i m e  f o r  t h e  upper l a s i n g  l e v e l  is  long. The r a t e  of energy t r a n s f e r  between, 
f o r  example, carbon dioxide and n i t rogen  is  t h e  same no matter where t h e  gas  is. 
So many of t h e  s a m e  r e l axa t ion  times important i n  laser design are the  same as 
those  considered i n  sound absorpt ion ca l cu la t ions  ( r e f .  9) .  I f  i s  o f t e n  most 
convenient t o  measure those r a t e s  using laser e x c i t a t i o n  of a test gas and then 
monitoring t h e  f luorescence decay ( r e f .  10) r a t h e r  than t ry ing  t o  determine t h e  
rates d i r e c t l y  from sound absorpt ion measurements. Another technique, t h e  opto- 
acous t i c  e f f e c t  ( r e f .  l l ) ,  involves  t h e  use of a pulse  from a carbon dioxide laser 
which gives  an acous t i c  pu lse  i n  the  test gas. 
rate, the  experim'ental approach which g ives  the  rate most accura te ly  should be  
employed without regard f o r  what type of ca l cu la t ion  t h e  rate is  going t o  be 
used f o r  (e.g., sound absorpt ion o r  laser design).  

E f f i c i e n t  laser opera t ion  i s  achieved i f  t h e  upper l a s i n g  l e v e l  

When determining a p a r t i c u l a r  

But now back t o  sound absorpt ion.  Table 1 lists t h e  rate of energy t rans-  
f e r  amongst var ious  atmospheric cons t i t uen t s .  The var ious  rates were measured 
using a v a r i e t y  of techniques ( r e f .  1 2 ) .  It should also b e  noted t h a t  this 
t a b l e  w a s  taken from a t h e o r e t i c a l  paper  on t h e  rate a t  which a carbon dioxide 
laser beam w i l l  defocus due t o  atmospheric absorpt ion and subsequent heat ing 
( r e f .  13) ,  another app l i ca t ion  of a complete k i n e t i c  desc r ip t ion  of energy 
t r a n s f e r  i n  the  atmosphere. 
can p red ic t  sound absorpt ion as w e l l .  
r eac t ions  numbered 1-6 i n  Table 1 are impor tan t ; , the  o the r s  a f f e c t  t he  important 
r e l axa t ion  times only by an immeasureably s m a l l  amount. 

Once t h i s  l i s t  of rates is  accura t e ly  known, one 
When considering sound absorp t ion ,  only 
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The b inary  energy t r a n s f e r  rates from Table 1 can be subs t i t u t ed  i n t o  a 
rigorous formalism f o r  sound absorption i n  a multicomponent gas t o  give t h e  
r e l axa t ion  t i m e s  and s t r eng ths  rigorously.  This has been done ( r e f .  14) with 
t h e  r e s u l t  t h a t  only two r e l axa t ion  processes need be considered t o  c a l c u l a t e  
sound absorption i n  air .  Further,  i t  w a s  found t h a t  t h e  r e l axa t ion  s t r eng ths  
of t hese  two processes are given t o  wi th in  a f r a c t i o n  of a percent by t h e  
re lax ing  s p e c i f i c  hea t s  of n i t rogen  and oxygen. From t h e  Planck-Einstein 
r e l a t i o n  ( r e f .  15) ,  t h e  v i b r a t i o n a l  s p e c i f i c  heat is given by 

2 -8/T -8/T 2 c '  = X(B/T) e / ( 1  - e ) 

For t h e  atmosphere, t h e  mole f r a c t i o n  of n i t rogen  is c lose  t o  0.78 and from 
spectroscopic d a t a  ( r e f .  16) ,  8 f o r  n i t rogen  is  3352.0 K. The mole f r a c t i o n  of 
oxygen i n  t h e  atmosphere is  about 0.21 and 8 is 2239.1 K. 
percent is argon which does not con t r ibu te  t o  t h e  r e l axa t ion  s t rength .  

The remaining one 

Referring back t o  equation (3),  i t  can now be seen t h a t  f o r  v i b r a t i o n a l  
r e l axa t ion  t h e r e  are two terms which must be  added t o  give t h e  r e l axa t ion  
absorption. The s t r eng th  of each process i s  a l s o  given by equation (3) with t h e  
re lax ing  s p e c i f i c  heat from equation (6). The only quant i ty  ye t  t o  be determine( 
i s  t h e  r e l axa t ion  t i m e  f o r  t h e  two v i b r a t i o n a l  r e l axa t ion  processes. 

The r e l axa t ion  t i m e s  f o r  n i t rogen  and oxygen i n  t h e  atmosphere can be 
determined exac t ly  from t h e  binary energy t r a n s f e r  rates i n  Table 1. 
out  t h a t  due t o  r eac t ions  3, 5, and 6, these  re laxa t ion  t i m e s  are s t rongly  depen- 
dent on t h e  water vapor concentration o r  relative humidity. 
accuracy t o  which t h e  r e l axa t ion  t i m e s  can be computed are l imi ted  by t h e  accur- 
acy of rate measurements f o r  pure w a t e r  vapor ( reac t ion  6) and t h e  ra te  a t  which 
n i t rogen  i s  deexcited by w a t e r  vapor, ( reac t ion  5) .  For t h i s  reason, t h e  
r e l axa t ion  t i m e s  as a func t ion  of humidity predicted from t h e  rates i n  Table 1 
must s t i l l  be compared t o  values of absorption measured i n  moist a i r  and t h e  
r e l axa t ion  t i m e s  re f ined  t o  give t h e  bes t  agreement wi th  labora tory  a i r  da t a  
( r e f .  5). Defining t h e  r e l axa t ion  frequency, f t o  be 1/2.rr.r, t h e  b e s t  
a v a i l a b l e  va lues  fo r  t h e  two r e l axa t ion  frequencies are 

It tu rns  

A s  a r e s u l t ,  t h e  

r ?  

(7) 
4 f 

f 

= (P/P0)C24 + 4.41 x 10 h E(0.05 + h)/0.391 + -h ] l  
r , O  

r , N  0 0 0 

-1/3 
= (P/P ) (T/T ) - l l 2 [9  + 350h expi-6.142 [ (T/T ) -11 11. 

a = 8.686 (T/To)1/2[f2/(P/P )]C1.84 x + 2.1913 x 
0 

(8) x (T/TO)-'(P/P ) (2239 .1/T)2 [exp(-2239 . l /T ) ]  / [ f + (f 2 / f rY0)]  

4- 8.1619 x 10-4(T/T )-'(P/P ) (3352/TI2[exp(-3352/T)I/[f 
0 r , O  

+ ( f  2 / f rYN)] )  
0 0 r , N  
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T h i s  express ion ,  t h e  procedure descr ibed  previous ly ,  and suppor t ing  documenta- 
t i o n  i s  now being prepared f o r  submission as a proposed American Nat iona l  
Standards I n s t i t u t e  Standard.  

A comparsion of equat ion  (8) t o  experimental  r e s u l t s  is given i n  f i g u r e s  2,  
3 ,  and 4 f o r  d i f f e r e n t  ranges of frequency and atmospheric condi t ions .  It is  
obvious t h a t  t h e  agreement i s  q u i t e  good. 

Concluding Remarks 

Sound absorp t ion  i n  s t i l l  a i r  i s  now w e l l  understood. There is  s t i l l  a 
l i t t l e  problem wi th  t h e  r e l a x a t i o n  frequency f o r  mois t  n i t rogen  but  t h a t  problem 
is  now being reso lved  by s t u d i e s  i n  ou r  l abora to ry  and a t  Langley Research 
Center.  Once t h a t  problem is  reso lved ,  t h e r e  seems t o  be  l i t t l e  need f o r  
f u r t h e r  s t u d i e s  i n  air .  However, f o r  laser development, laser i s o t o p e  
sepa ra t ion ,  and o t h e r  a p p l i c a t i o n s ,  sound abso rp t ion  measurements i n  gases  w i l l  
cont inue t o  be  a f r u i t f u l  f i e l d  of s c i e n t i f i c  s tudy .  
t i o n  through t h e  atmosphere should now focus  on e f f e c t s  of ground cover  and 
turbulence.  Hopeful ly ,  t h e s e  s t u d i e s  w i l l  aga in  b r i n g  toge the r  p h y s i c i s t s  and 
engineers  t o  t h e  s o l u t i o n  of p re s s ing  s o c i e t a l  problems. 

S tud ie s  of sound propaga- 
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TABLE I .  REACTION SCHEME 

Reactions 
co2*(v3) + 0 2  Z CoZ***(YZ) + 0 2  

C02*(V2) + 0 2  s e02 + 0 2  

coz + 02* = CO2*(v2) + 0 2  

C02*(V1) + 0 2  e CO2**(v2) + 0 2  

COz"(v2) + CO2 = c02 + c02 
CO2*(v3) + CO2 e CO2***(v2) + e02 
CO2*(v1) + c02 G2 CO2**(v2) + c02 
C02*(v2) + N2 e CO2 + N2 
COa + N2* t CO2 + N2 
co2*(v3) + N2 L CO2 + N2* 
co2*(V3) + N2 s COz***(vz) + N2 
C02*(vl) + N2 e C02**(~2) + N2 
C02*(v2) + H20 G C02 + H2O 
N2* + 0 2  e Nz + Oz* 
0 2 *  + N2 -2 0 2  + N2 
N2* + 0 2 -  Nz + 0 2  

0 2 *  + 0 2  e 0 2  + 0 2  

H20*(v2) + 0 2  ;-. H20 + 0 2 *  

0 2 *  + H20 e 0 2  + H2O 
H20*(v2) + 0 2  :e H20 + 0 2  

N2* + N2 
N2* + H20 ;-. N2 + H20 
H20*(v2) + N2 : H2O + N2 
H20*(~2)  + H20 

N2 + N2 

H20 + HzO 

Forward rate 
constants 

(sec - 1 atm- 1) 
6.0 x 104 
3.0 x 104 
3.0 x 105 

1.8 x 105 
1.5 x 105 

3.4 x 104 

1.8 x 107 
6.0 x 104 

4.5 x 108 

4.5 x 108 

1 .o 

4.5 x 108 
4.2 X 108 
1.5 X 102 
4.0 X 10 
1 .o 
6.3 X 10 

1.1 x 106 

1 .o 

1.4 X lo6 

4.6 x 107 

6.0 x 104 

1.1 x 105 

1.0 x 109 

DENOTES VIBRATIONAL EXCITATION 
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