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PART A 

THE THEORY OF THE HYDROGE3V MOLECULE 

by 

W, B .  Somerville 

I .  FORMULATION 

The hydrogen molecule cons i s t s  of two protons,  l a b e l l e d  a and b, of charge 

+ e and mass M, and two e lec t rons ,  1 and 2, of charge - e  and mass m .  The 

d i s t ances  r a l ,  rb2, e t c . ,  are defined as indica ted  i n  Figure 1 . 
p a r t i c l e s  of course are not  necessa r i ly  i n  the  same plane.  

r e l a t i v i s t i c  Schr6dinger wave equation f o r  the  system i s  

The four  

The complete non- 

= 0, ( 1 )  

where r e t c . ,  are r e f e r r e d  t o  some a r b i t r a r y  o r ig in ,  and where t h e  t o t a l  

p o t e n t i a l  energy 

&a’ 

Although t h e  t o t a l  number of var iab les  can be reduced from 12  t o  8, t h e  

so lu t ion ,  and equat ion ( 1 )  i s  s t i l l  much too  complicated t o  permit accura te  

s implifying approximations must be introduced. 

is; based on t h e  f a c t  t h a t  nuclear  masses are of t h e  order  of thousands of 

The Born-Oppenheimer approximation 

e l e c t r o n  masses; i n  consequence, t h e  nuc le i  move much more slowly than do t h e  
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t h e  e lec t rons ,  and t h e r e  i s  only a small change of nuclear  p o s i t i o n s  i n  the  

time required f o r  a complete e lectron o r b i t .  

approximation t h e  e l e c t r o n i c  p a r t  of t h e  wave equation may be solved assuming 

t h e  nuc le i  t o  be s ta t ionary ,  and the  e l e c t r o n i c  and nuclear motions a r e  taken 

t o  be completely separable,  

It follows t h a t  t o  a good 

( 3 )  

The e l e c t r o n i c  wave funct ion yeand eigenergy ve are determined for f ixed  nuc le i ,  

of separa t ion  R, from 

Ve i 

(4) 

funct ion of R, and t h e  motion of t h e  n u c l e i  i s  determined -y placing 

them i n  a p o t e n t i a l  V ( R ) ;  f o r  bound s t a t e s  of t h e  molecule, V 

a t  some equi l ibr ium p o s i t i o n  R and t h e  nuclear v i b r a t i o n - r o t a t i o n  l e v e l s  are e’ 

loca ted  a t  energies  within the  p o t e n t i a l  w e l l  ( c f .  Figure 2 ) .  

separa t ions ,  t h e  energy of t h e  system must correspond t o  t h a t  of two separated 

a t  oms . 

has a minimum 
e e 

For l a rge  

The nuclear  wave equation i s  

equat ions ( 4 )  and ( 5 )  fol low from equation ( 1 )  when t h e  approximation (3)  i s  

introduced.  Also,  equati.cn ( 4 )  follows from equation ( 1 )  i f  M -7 0~ 7 

and indeed it may be shown t h a t  t h i s  method represents  t h e  zero-order approximation 

i n  an expansion of i n  powers of In  p rac t i ce ,  a t  least  

f o r  2 
i n  powers of ( m / M ) l I 4 .  

states, the  accuracy i s  considerably g r e a t e r  than  t h i s  expansion parameter 
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suggests (see Coulson, 1961, p. 55). 

11. NUCLEAR VIBRATION AND ROTATI ON . 

Equation (5) for the nuclear motion is simplified considerably if the 

three coordinates of the center of mass are removed; it becomes 

where/lh- - 
to the other (e.g., Pauling and Wilson, 1935, p. 264). 

the reducLd mass and R is the position vector from one nucleus 
N 7- 

Since V depends only on the single variable R, this equation is separable e 

in spherical polar coordinates R = (R, 8 , ) , and we may write 

The angular equations are immediately soluble and yield a surface harmonic, 

\ - 
- - i MJ.Y 

4-K (Jt I MJI)! 3 (8) 

where P is an associated Legendre function. The initial factor insures that 

the function is normalized to unity. Solutions exist only for certain values of 

the quantum numbers J and M J' 
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The radial  equation i s :  

I n  p r inc ip l e ,  Ve(R)  i s  t o  be obtained by so lu t ion  of  t he  e l ec t ron ic  equation (4), 

bu t  i n  p r a c t i c e  it i s  d i f f i c u l t  t o  perform t h i s  with s u f f i c i e n t  accuracy ( c f .  

Sect ion 111), and it provides a set of numerical values s o  t h a t  equation ( 1  0) 

must be in tegra ted  numerically. 

a n a l y t i c a l  form of t h e  po ten t i a l ,  containing va r i ab le  parameters chosen t o  g ive  

agreement wi th  observation, which enables equation ( 10) t o  be solved ana ly t i ca l ly ;  

f o r  example, a reasonable f i t  t o  t he  bottom of t h e  p o t e n t i a l  w e l l  i s  obtained 

simply by using a parabola  - t h e  so lu t ions  f o r  which correspond t o  a r o t a t i n g  

harmonic o s c i l l a t o r  - with improved accuracy i f  one introduces a cubic funct ion 

o r  one of higher  order .  A p a r t i c u l a r l y  use fu l  funct ion i s  t h e  Morse p o t e n t i a l ,  

It is  usua l  t o  introduce a semi-empirical 

( 1 1  I 
where D, d , and Re are ad jus tab le  parameters. 

genera l  behaviour of t h e  a c t u a l  funct ion - f o r  l a r g e  R it has t h e  constant  

value D, t h e r e  i s  a minimum a t  R=R and, a t  R=O, although f i n i t e  it i s  very 

l a r g e  and this i s  no t  a ser ious  f a i l i n g .  

This reproduces t h e  co r rec t  

e' 

The so lu t ion  of t he  equation using equation ( 1  1 ) i s  s t ra ightforward (Pauling 

and Wilson, 1935, See. 35d). An a l t e r n a t i v e  procedure i s  t o  expand t h e  p o t e n t i a l  

i n  a Taylor series about t he  minimum and obta in  t h e  values of t he  higher  der iva-  

t i v e s  empir ica l ly  (Dennison and Hecht, 1962). The result i s  t h e  same, t o  second 

order ,  and 
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. 

r e fe r r ed  t o  the  e l ec t ron  p o t e n t i a l  minimum as zero.  

if required.  

when 

Higher terms may be included 

Here v is  t h e  v ib ra t iona l  quantum number and so lu t ions  e x i s t  only 

'u-= o7 1,2, - - - 
(13) 

The f i r s t  two terms i n  equation (12 )  are much l a r g e r  than t h e  o the r  terms; t h e  

f i rs t  term i s  the  energy of: a simple harmonic o s c i l l a t o r  of frequency 3 = W,C , 
and t h e  second term i s  t h e  energy of a r i g i d  r o t a t o r .  The remaining terms are 

t h e  co r rec t ions  due t o  anharmonicity, c e n t r i f u g a l  d i s t o r t i o n  and t h e  coupling of 

t h e  two motions. 

It should be noted t h a t ,  when J=O and v=O, t h e r e  i s  an amount of "zero- 

p o i n t  energy", s o  t h a t  t h e  lowest v ib ra t ion - ro t a t ion  l e v e l  i s  above t h e  minimum 

of t h e  p o t e n t i a l  curve by t h i s  amount. This f a c t  i s  r e l a t e d  t o  the  Heisenberg 

u n c e r t a i n t y  p r i n c i p l e .  

The r o t a t i o n a l  c o e f f i c i e n t s  are given by 

where i s  t h e  equi l ibr ium moment of i n e r t i a .  The 

remaining c o e f f i c i e n t s  are t o  be determined empir ical ly .  The r o t a t i o n a l  l eve ls  are 

much more c lose ly  spaced than a r e  the  v i b r a t i o n a l  ones ( f o r  t he  ground s t a t e  

of H*, cr3, ~4395 em and Be =60.80 ern ), so t h a t  w e  can speak of t h e  r o t a t i o n a l  

s t r u c t u r e  of t h e  var ious v i b r a t i o n a l  levels .  

-1 - 1  

The quantum number M does not influence the  energy value, except i n  t h e  J 
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presence of a magnetic field. It serves to indicate that the level J has a 

statistical weight (2J + 1). 

111. THE CALCULATION OF ELECTRONIC WAVE FUNCTIONS 

The solution of equation (4) is a complex problem, and here only a summary 

will be given of the general techniques which have been applied. 

are contained in the books by Coulson ( 1961 ) and Slater (1963), and a biblio- 

graphy up to 1959 has been given by McLean, Weiss and Yoshimine (1960). 

General surveys 

The methods used may be regarded as extensions of techniques applied to 

the problem of the many-electron atom. Most of these make use of the 

Variational Principle: if 3.' is any function of the variables involved, then 

the integrations being over all variables (six for two electrons), where E is 

the lowest eigenvalue of the Hamiltonian H . The proof involves expanding 
0 

in terms of the complete orthonormal set of the eigenfunctions of H, 

, so that yo , y, ,---, with associated eigenvalues Eo 5 E l  < --- 
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and 

(17) 

with equa l i ty  only i f  9 = so ( f o r  no degeneracy). An e r r o r  s i n  t h e  

wave funct ion corresponds t o  an e r ro r  

s t r a i n t  C = 0, i .e. ,  choose 9 such t h a t  

s2 i n  t h e  energy. If w e  impose t h e  con- 

0 

ss".fo d/t: = o 

then  w e  ob ta in  an upper bound t o  E , .  

The technique i s  t o  introduce a trial funct ion 9 containing a number of 

a lgeb ra i c  parameters, which are then var ied  t o  minimize t h e  l e f t  hand s ide  of equat ion 

( 1  5 ) .  If t h e  parameters en te r  9 l i nea r ly ,  t h e  minimization procedure reduces 

t o  t h e  so lu t ion  of a set  of l i n e a r  a lgebraic  equations.  

There have been two approaches t o  t h e  se l ec t ion  of , t h e  method of 

Configuration I n t e r a c t i o n  ( C .  I. ) and the  method of t h e  Incomplete Separat ion of 

Variables  (I.S.V. 1. i n  terms of some known 

one -e lec t ron  funct ions,  

I n  t h e  C . I .  method, w e  expand 

t h e  second terms being included f o r  reasons of symmetry. 

expand i n  terms of t he  hydrogen atom wave funct ions,  and i n  f a c t  t h e  f i rs t  quan tm 

mechanical t reatment  of t h e  hydrogen molecule (Hei t le r  and London, 1927) used 

equat ion (19) i n  t h e  form 

For example, w e  may 
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I -  
I 

where N i s  a normalizing f a c t o r .  

meters, but  i f  w e  include also terms such as s,, (fa,) YT5 (pbz) 

then a va r i a t ion  can be ca r r i ed  out .  

using expansions of this type.  O f  course, t h e r e  i s  no need f o r  ‘5; or  YJ t o  

have any physical  s ign i f icance .  

This funct ion does n o t  contain any var iab le  para-  

Very many ca l cu la t ions  have been performed 

The I.S.V. method i s  similar t o  t h e  method f o r  t h e  helium atom introduced 

by Hylleraas (1928), which has been used t o  obta in  results of extreme accuracy 

(Pekeris ,  15158; Schwartz, 1962). 

required are t h e  r a d i a l  d i s tances  r1 and r 

d i r ec t ions ;  t he  th ree  o ther  angles are  superfluous.  It i s  more convenienk t o  

use r than o,,, and Hylleraas proposed a funct ion 

I n  t h e  atomic case, t h e  only coordinates 

and t h e  angle QLZbetween t h e i r  2 

12 

For t h e  molecule, t he  s i t u a t i o n  i s  more complicated, as only one coordinate may 

be dropped, and we have r a , ,  r a2, r b l ,  rb2 and r I2  . 
with confocal e l l i p t i c  coordinates ( spheroidal  cocrdinates) ,  

It i s  convenient t o  work 

(sometimes wr i t t en  7 ,  , T ,  , y, ). These are independent and orthogonal, 

while r and r themselves a r e  ne i ther ;  t h e  one-electron H equation i s  
a1 bl 2 

separable  and exac t ly  solubable i n  these coordinates.  Thus w e  take 

+ 
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This method was appl ied t o  H2 first by James and Coolidge (1933); r ecen t ly  Kolos 

and Roothaan (1960), using up t o  50 terms, have obtained an energy value more 

accurate  than the  experimental one. 

A s  i n  t h e  atomic case, it i s  found t h a t ,  f o r  t h e  same number of parameters, 

equation (23)  gives  much g r e a t e r  accuracy than equation ( I g ) ,  and a l s o  g ives  much 

faster convergence as t h e  number of terms is  increased. 

a g r e a t  many terms of equation (19) properly t o  represent  t h e  r 

t h e  wave funct ion.  

becomes p roh ib i t i ve  

It seems t h a t  it requi res  

- dependence of 12 

Unfortunately, f o r  more complicated systems t h e  form (23)  

Calculat ions have been performed by both methods f o r  severa l  exc i ted  e l e c t r o n i c  

states of H although not t o  t h e  same degree of  accuracy as f o r  t h e  ground s t a t e ,  2 

I V .  ELECTRONIC STATES 

Each e l ec t ron  i i n  t h e  molecule has a spin angular momentum S .  and an o r b i t a l  
N l  

- - -.. 1 angular  momentum 1. , of magnitude s 

Saunders coupling, which app l i e s  here with considerable accuracy, t h e  ind iv idua l  

- - - 2 and li = 0, I ,  2, I n  Russe l l -  
r v l  i 

s combine t o  form the  t o t a l  e lec t ron  sp in  angular mornentun .S and the  ind iv idua l  d ." 
1. combine t o  form the t o t a l  L.  It follows from the  d iscuss ion  of Section V t h a t  

S = 0, 1, and L = 0, 1 ,  2, - - - , f o r  t h e  two-electron case.  

nl 

I n  H2, 2 i s  always very s t rongly coupled t o  t h e  nuclear  axis; it r o t a t e s  

about t h e  ax i s  so r ap id ly  t h a t  L i t s e l f  l o ses  any meaning, and what matters i s  

t h e  p ro jec t ion  

N 
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where k i s  t h e  u n i t  vec tor  along ab* 

t o  t he  value of ; states with A = 0 are ca l l ed  2 states; = 1, 

Electron s ta tes  are d is t ingJ ished  aceorsing 
/v 

T ; n = 2 ,  h ; and s o  on, This i s  a d i r e c t  extension of the  nota t ion  

s ,  P, D, - - -, used f o r  atomic s t a t e s  with L, = 0, 1, 2, - - - . 
I n  some cases,  S a l s o  i s  s t rongly coupled t o  t h e  axis; i t s  p ro jec t ion  i s  

N 

z= s--k N N  

and we introduce 

(Note t h a t  t h e  l e t t e r  2 
symbol for a s t a t e  with 

of S .  

o r ig ina t e s  i n  t h e  f a c t  t h a t  t he  words "sharp" and "spin" s tar t  with t h e  same 

l e t t e r  a ) 

i s  used f o r  two e n t i r e l y  unre la ted  purposes; it i s  t h e  

A = 0, and also it i s  t h e  symbol f o r  t h e  k ccmponent 
/\I 

This fol lows from the similar atomic usage of t h e  l e t t e r  S, and u l t i m a t e l y  
N 

2 S t 1 i s  c d l e d  t h e  m u l t i p l i c i t y  of the  l e v e l .  When A $. 0, t h e  2 S -t 1 

d i f f e r e n t  values of 

s t ruc tu re" ;  c f .  Sect ion V I I I ) ,  bu t  even f o r  

correspond t o  s l i g h t l y  d i f f e r e n t  energy values  ( " f i n e  

A = 0, when t h e r e  i s  no s p l i t t i n g ,  

t h i s  name i s  used-  

s c r i p t ;  thus,  "2 i s  a state with S = 1 and 

The rnu i t ip l i c i ty  i s  added t o  t h e  term symbol as a l e f t  super-  

A = 0, and has S = 0 and 

A = I  



(27) 
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I n  case a,n$ is  t h e  pro jec t ion  o f  2 on t h e  axis; it follows t h a t  J 5 fi , 
P 

so  t h e  r o t a t i o n a l  l e v e l s  f o r  a pa r t i cu la r  e l ec t ron ic  state ( i o e . ,  f o r  a p a r t i c u l a r  

o r  A ) are given by 

a: A , & L + \ ,  - - -  
b: n , A +  I , - -  - 

( 30 

and t h e  lowest value is  not 0 i n  the  non - states .  Further ,  J i s  the  p a r t  

of J ( o r  K )  which remains when the project ion on t h e  a x i s  i s  subtracted;  i t  

follows t h a t  N i s  not a quantum mechanical angular momentum i n  t h e  sense defined 

above; i t s  magnitude i s  not  given i n  general  by an i n t e g r a l  o r  h a l f - i n t e g r a l  

N .  

quantum number i n  the  d iscuss ion  of Section 11. However, f o r  an odd number of 

# 

/-w ru 

N 

It i s  J ( i n  case a) and 5 ( i n  case b )  which i s  t o  be taken as t h e  r o t a t i o n a l  
/v 

e lec t rons  J i s  h a l f - i n t e g r a l  and t h e  t reatment  lead ing  t o  equation (9)  must be 

modified by including t h e  coupling terms of Sect ion VI11 i n  t h e  Hamiltonian, 

I n  t h e  presence of a nuclear  spin 3 t h e  var ious coupling cases must be 

subdivided ( c f .  Tomes and Schawlow, 1955, p .  196). 

cases  a and b are i l l u s t r a t e d  i n  Figure 4, and w i l l  n o t  be discussed i n  d e t a i l .  

The d i f f e r e n t  schemes fo r  

Omitted i s  case b , i n  which the nuclear  sp in  i s  coupled t o  t he  ax i s  although 

t h e  e l ec t ron  sp in  i s  not,  as t h i s  i s  expected never t o  occur.  The t o t a l  angular 

momentum is  now ca l l ed  F . 
For  a f u l l e r  account, including energy l e v e l  diagrams, reference i s  made t o  

N 

Herzberg’s book (1950, pp. 218-226). s t a t e s  

case b coupling appl ies ,  and f o r  0 the  coupling i s  case b with a s m a l l  ad- 

For  t h e  hyzrogen molecule, f o r  

mixture of case a. 
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VI. SYMMETRY 

It follows from the indistinguishability of identical particles that the 

wave function must be either symmetrical or antisymmetrical with respect to 

the exchange of two such particles, i.e., that 

It is a consequence of the Pauli 

additional to the Schrbdinger equation) that the complete wave function, including 

spin, must be antisymmetrical with respect to the exchange of any two identical 

particles of spin 3. 

exclusion principle (which is an assumption 

Let us write the hydrogen molecule function as 

where and %,.J are respectively electronic and nuclear spin functions, and 
the other factors are electronic, vibrational and rotational spatial functions. 

The conclusions we reach do not depend on the possibility of separability; it 
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the other anti-symmetrical; the normalized nuclear spin functions are: 

and 

Now, for the total function to be antisymmetrical, s space functions must combine 

with a spin functions, and vice versa; thus, K odd occurs with three times the 

frequency of K even: 

K Space symmetry Nuclear spin Modification 
ortho odd a s ,  T T ,  I =  1 

even S a, ? & ,  I = 0 para 

Since there is a very small but non-zero rate for transitions between the two 

forms, for equilibrium at a particular temperature the Boitzmann factor must 

be included; also the population of a particular level is proportional to the 

statistical weight 2K + 1 , in additim to this Lac-ccr  21 + i . 
For the electrons also, there are t h ? ~ - e  r":x,ctims with = l I to cine w t h  

S = 0, and this statistical weight factor. rnuct be included in calculating tme 

populations of excited electronic st:.r, 4. es. 

There itre two importar t  s;xme-ti.j. ; T - T ~ ~ ~ . T !  s of the  eJ.ectr:;zi(: snatid 7iaL-e 

, which az't' carx:se-ccii w ~ t l i  tl:? seI.tctC:z; ; - - ley ,  fsr t.ra,F,si- 4' ' e  fun c' ti on 

tions : 
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i) Reflect ion i n  any plane containing the  nuc le i  (e.g. ,  ABCD of Figure 5 ) :  

i s  mult ipl ied by f 1 ,  and t or - i s  added as a r i g h t  superscr ip t  qe 
t o  t he  term symbol, zf,  e t c .  This f. symmetry i s  s i g n i f i c a n t  only f o r  

3 s t a t e s ,  s ince  for non-zero there  i s  a degeneracy between + A 
and - which means t h a t  ]yI2 need not be unchanged by t h i s  r e f l e c t i o n  

(Herzberg, 1950, p. 21 7 ) .  

ii) Reflect ion i n  t h e  plane bisect ing t h e  nuclear ax i s  and perpendicular t o  it 

( E F G H ) .  Again t h e r e  i s  a f symmetry (for nucle i  of t h e  same charge),  which i s  

c a l l e d  even-odd symmetry, and indicated by a subscr ip t  2 or ZL on the  term 

symbol (from t h e  German gerade or  ungerade) . Thus we have symbols l i k e  

' 2 ;  9 ?q > ' T ~  , e t c .  

All t h e s e  space and sp in  s p m e t r i e s  a r e  independent o f  each other ,  apa r t  

from t h e  a - s r e l a t i o n .  

V I I .  TRANSITIONS 

Radiative t r a n s i t i o n s  may be allowed or  forbidden t o  a c e r t a i n  crder i n  

t h e  multipole expansion o f  t he  in te rac t ion ;  the f i r s t  t c r r ,  in this expansimi 

i s  the e l e c t r i c  dipole  moment, zn5 $22 t,rms~'.:- - , \ , s : i 7  ? - - - '  ' t u r  ,I d i ~ o l e  trar;si - 

t i o n s  from s t a t e  a t o  s t a t e  b i s  
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and e l e c t r i c  quadrupole ones are 1 0-8 t i m e s  (35) ,  so t r a n s i t i o n s  for which (35) 

i s  non-zero are usua l ly  ca l l ed  ''allowed'', and those for which it i s  zero a r e  

"forbidden"; but  such t r a n s i t i o n s  may be allowed i n  higher  order .  

The e l e c t r i c  dipole  se l ec t ion  ru l e  gives  for t h e  poss ib le  change i n  t o t a l  

angular momentum 

For quadrupole t r a n s i t i o n s ,  t he  se lec t ion  r u l e  i s  

A J =  O , + l , f Z  0 0 
'I 

I 
2 -cc->r 

2 
1 * 0 -  

I n  coupling schemes a and b, we have 

An = 0 , f  1 

as = 0 

i n  case a only 

and i n  case b only 

A t (  = O , + _ I :  0 +bOCor A A =  0. 

The various symmetries discussed i n  Sec t ian  VI a l s o  introduce se l ec t ion  

rules  : 

Even-odd 

Plus-rr,inus 

(37) 

(38) 

( 39) 

(43) 

(44) 

(45)  
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It must be emphasized t h a t  none o f  these rules i s  completely r igorous ly  t rue;  

r u l e s  (38) t o  (42) hold only f o r  dipole rad ia t ion ,  but  f a i l  even t h e r e  f o r  f a i r l y  

s t rong sp in-orb i t  coupling. 

introduced by t h e  small correc t ion  terms discussed i n  Sect ion V I I I .  

thorough discussion of s e l ec t ion  ru les  and r e l a t e d  top ics ,  see Herzberg (1950, 

Rules (43) t o  (45) a l s o  break down due t o  per turba t ions  

For a 

P. 653). 

It follows f r o m t h e s e  rules t h a t  allowed e l ec t ron ic  t r a n s i t i o n s  i n  H a r e  

as follows ( cf e Figure 2) : from t h e  ground ‘2,; state, t h e  f i rs t  allowed t r a n s i t i o n  

2 

i s  t o  t h e  I +  9 , s t a t e  at 1 1  .2 eV; from t h e  repuls ive  3Tv_state t t o  t he  3 +  2 state  a 
( o r  v i ce  versa, i n  emission); e t c .  The lowest 3TLstate i s  metastable,  bu t  

with a l i f e t i m e  of about seconds, as t h e  s e l e c t i o n  rule (39) i s  not very 

r igorous (Lichten, 1960) . 
Vibra t iona l  t r a n s i t i o n s  within the  ground state of H are forbidden as 2 

dipole  t r a n s i t i o n s ,  s ince  v ibra t ion  is  n o t  an angular momentum and depends not  on 

t h e  t r a n s i t i o n  d ipole  moment but on the  permanent d ipole  moment of t h e  system 

(Herzberg, 1950, p .  80). H does not have a permanent dipole  moment; it does 

have a quadrupole moment, and quadrupole t r a n s i t i o n  bands have been observed 

( re ferences  i n  Herzberg; a l s o  Rank, Rao, Sitaram, Slomba and Wiggins, 1962). 

2 

Rota t iona l  t r a n s i t i o n s  within a p a r t i c u l a r  v ib ra t iona l  l e v e l  a r e  allowed 

by r u l e  (42), 

(43) (which i s  e s s e n t i a l l y  

are allowed. The per turba t ion  caused by t h e  nuclear  sp in- ro ta t ion  in t e rac t ion  

A K = k 1 ,  but such t r a n s i t i o n s  v i o l a t e  t‘ne symmetry condi t ion 

b I = 0). Quadrupole t r a n s i t i o n s  w i t h  A K = * 2 

permits d ipole  t r a n s i t i o n s  t o  occur, but w i t h  much reduced p robab i l i t y  (see 

P a r t  B, Section I V ) .  
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VII. CORRECTION TERMS TO T m  ENERGY 

There a r e  i n t e r a c t i o n s  between the various angular momenta present  i n  t h e  

molecule, and these must be added as small cor rec t ions  t o  the  Hamiltonian i n  

equation ( 1  ); they cause s h i f t s  and s p l i t t i n g s  of t h e  energy l e v e l s .  

a r e  zero i f  c = 00 

f o r  the  system. 

no complete general izat ion,  the  two-particle i n t e r a c t i o n s  a r e  known t o  second 

order i n  l / c .  

and t h e  B r e i t  and o ther  two-part ic le  equations.  

t he  s implest  case, 

Somerville, 1960; see  a l s o  Frosch and. Foley, 1952, and Townes and Schawlow, 1955). 

These e f f e c t s  

, and must be derived from t h e  r e l a t i v i s t i c  wave equation 

Although the  Dirac theory i s  a one-part ic le  theory and the re  i s  

(Bethe and Salpeter ,  1957, discuss  i n  d e t a i l  t he  Dirac equation 

The molecular i n t e rac t ions  f o r  

, have been t r ea t ed  most f u l l y  by Dalgarno, Pat terson and 

The i n t e r a c t i o n s  may be c l a s s i f i e d  q u a n t i t a t i v e l y  i n  t h r e e  ways: 

e lectron-electron,  order PO 
e lec t ron  -nucleus, 

nucleus -nucleus, order 

2 
: f i n e  s t ruc tu re ;  

,j: hyperfine s t ruc tu re ;  
Order 

where 

(46). 

are respec t ive ly  t h e  Bohr magneton and t h e  nuclear magneton. 

The b e s t  known hyperfine t r a n s i t i o n  i s  t h a t  of t h e  ground s t a t e  of the 

hydrogen atom. The e lec t ron  spin in t e rac t s  -dit11 the nuclear s p i n  t o  produce a 
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s p l i t t i n g  of magnitude 1420 Mc/s. 

For t h e  spin-spin and sp in-orb i t  i n t e rac t ions  of t w o  p a r t i c l e s  i and j ,  e i t h e r  

protons or e lec t rons ,  we have 

and 

where r i s  t h e  rad ius  between the t w o  p a r t i c l e s ,  d = 1 f o r  "spin-own o rb i t "  and 

d = 2 for "spin-other o r b i t "  i n t e rac t ions ,  and 

/v 

%&tro, = 2 -  0023 , g+co+on = 5,35 
(49) 

Since S = 0 and A= 0 i n  t h e  ground e l ec t ron ic  s t a t e  of H2, t h e r e  i s  
3 

n e i t h e r  f i n e  nor hyperfine s t r u c t u r e .  The metastable T(-,state has both; it has 

been s tudied  experimentally by Lichten ( 1960, 1962) and t h e o r e t i c a l l y  by Fontana 

(1962) and by Frey and Mizushima (1962). 

K combines with S t o  give J = 3, 2, 1 ,  with energy separat ions 

For t h e  para  l e v e l  K = 2, I = 0 and 

cv A 

f o r  allowed f i n e - s t r u c t u r e  t r a n s i t i o n s .  In  t h e  ortho l e v e l  K = 1 ,  I = 1 and 

coupling case b 

such t h a t  

of Figure 4 appl ies ;  t h e  J = 2 l e v e l  has a hyperfine s t r u c t u r e ,  ? 

(F = %+>'L) = TOP: ~ c / s  

(F= 2<* \ )  = q62 McIS. 
(51 ) 
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These a r e  t y p i c a l  values for t h e  f ine  and hyperfine s p l i t t i n g ;  t he  d i f f e rence  

i s  not  as l a rge  as the  r a t i o  /op*suggests .  

I n  or tho l e v e l s  of t h e  ground e lec t ronic  state, I = 1 and the re  i s  an 

in t e rac t ion  between the  nuclear  spin and the  nuclear  r o t a t i o n .  

in te rac t ion ,  f o r  which a name such as " u l t r a f i n e  s t ruc ture"  might be introduced, 

i s  exceedingly weak; t h i s  case has been examined experimentally by Kolsky, 

Phipps, Ramsey and S i l sbee  (1952) and t h e o r e t i c a l l y  by Auffray and Cooley 

(1961 ), and for K = 1 t h e  allowed t r ans i t i ons  are 

This type of 

I X .  THE MOLECULAR I O N  Hi 

The question of t h e  s t a b i l i t y  of the  ion  €32 i s  an  i n t e r e s t i n g  one. The 

re levant  p o t e n t i a l  curves a r e  sketched i n  Figure 6; t h e  s o l i d - l i n e  curves are 

the  usual p o t e n t i a l  curves for t he  hydrogen molecule. To 3, i n  i t s  ground state 
d 

'2; (curve AF) w e  may without a l t e r i n g  t h e  p o t e n t i a l  curve add a f ree  e lec t ron  

which a t  i n f i n i t y  has zero energy; i f  t he  e l ec t ron  has a t  i n f i n i t y  energy g r e a t e r  

than zero, t he  corresponding curve i s  p a r a l l e l  t o  AF and higher .  

"H 

the  system Hi. 

The system 

p lus  an e l ec t ron  which i s  not  free" of course corresponds t o  bouild states of 2 

The ground s ta te  of Hi i s  a 2T,L s t a t e .  Early ca lcu la t ions  on this system, 

using a v a r i a t i o n a l  t r i a l  funct ion wizh a l i n i t e d  number 01 Lerms (Eyring, Hirsch- 

f e l d e r  and Taylor, 1936; Dalgarno and McDowell, 1956; Gupta, 1959), gave r e s u l t s  
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of t h e  form of curve CDE of Figure 6, with a minimum a t  t h e  poin t  D .  

l i e s  below t h e  energy which a hydrogen molecule p lus  a f ree  e l ec t ron  can have a t  

t h i s  nuclear  separat ion,  and so by the  Franck-Condon p r inc ip l e  the  t r a n s i t i o n  

H i  3 H + e i s  an absorption, and the  ground s t a t e  of H- i s  s t a b l e .  Next, 

Fischer-Hjalmars (1959) repeated t h e  calculat ion with a r a t h e r  more f l e x i b l e  t r i a l  

wave funct ion and obtained t h e  curve BGDE. The minimum a t  D has disappeared, and 

ins tead  the re  i s  a minimum a t  G which l i e s  above t h e  corresponding p a r t  of t h e  

curve fo r  (H2  + e )  and so i s  unstable ,  s ince  dipole  t r a n s i t i o n s  are allowed between 

the  two curves.  Recently, a de t a i l ed  numerical i nves t iga t ion  has been made by 

Taylor and Harris (1963)~ and they obtain a curve of t he  form ADE which c lose ly  

follows t h e  (H2 + e )  values f o r  R l e s s  than about 1.6 8.  

This minimum 

2 2 

One might t h ink  t h a t  with an even more complicated t r i a l  wave funct ion 

t h e  poin t  G could be lowered s t i l l  fur ther ,  below t h e  ( H  

H i  would be s t a b l e .  

by Davidson (1962) and connected with the  bas ic  nature  of t h e  va r i a t iona l  method. 

The po in t s  are, f i r s t l y ,  t h a t  t h e  va r i a t iona l  method gives  an upper bound only 

t o  t h e  lowest poss ib le  s ta te  o f  t he  pa r t i cu la r  space and sp in  symmetry chosen 

f o r  t h e  t r i a l  function, unless  the  lowest s t a t e  i s  e x p l i c i t l y  excluded by 

making t h e  t r i a l  funct ion orthogonal t o  it; and, secondly, t h a t  t h e  system 

+ e )  curve, s o  t h a t  2 

This i s  a f a l s e  conclusion, however, f o r  reasons discussed 

+ e )  does have t h e  same symmetry as H i  (=z;) - it i s  

necessa r i ly  i n  a sp in  doublet  state,  and has a l l  s p a t i a l  symmetries because of 

t he  i n f i n i t y  o f  states f o r  t h e  f r e e  electron - and it cannot be excluded from 

the  t r i a l  function, again because of the iLLfir:ity of wave funct ions f o r  t h e  f ree  

e l ec t ron .  I t  follows t h a t ,  where t h e  var ia - icsa l  Dethod gives  a n  energy g rea t e r  

than ( H 2  + e ) ,  w e  cannot say more t h a A  t h ~ ~  i s  an upper bound t o  t h e  (H, + e )  

value; it t e l l s  nothing a t  a l l  about Hi 

(H2 C' z%') - 

d 

Thus t k c  ccnc::  CD i l r d  X I ? are 
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simply upper bounds t o  AD - gross  upper bounds, because of t h e  poor t r i a l  wave 

funct ions adopted. O f  course, where t h e  va r i a t iona l  method gives  a lower energy 

than ( H  + e)  can have a t  t h a t  R, it i s  c e r t a i n l y  giving an upper bound t o  t h e  2 

What happens involves an e f f e c t  c a l l e d  t h e  p o t e n t i a l  energy curve non- 

cross,ing r u l e  (see Coulson, 1961). This states t h a t ,  i f  two curves of  the  same 

symmetry c ross  each other  i n  a ce r t a in  approximation, when more accurate  

ca l cu la t ions  a re  c a r r i e d  out t h e  curves r e p e l  each other  at the crossing po in t  

and form two new curves which do not cross .  

and YZ become WZ and YX; t h e  same repulsion e f f e c t  occurs when two curves come 

very c lose  together ,  without ac tua l ly  crossing.  

So, i n  Figure 7, t h e  curves WX 

I n  t h e  present  case, t h e  two curves must cross  somewhere, s ince  a t  

R = o O  , E ( H  + H + e )  > E ( H  + H-), and a t  R = 0, E ( H e - )  > E (He 4 e ) .  

It i s  probable t h a t  CDE i s  not  f a r  from t h e  t r u e  curve i n  t h e  f i rs t  approximation, 

s ince  a crossing a t  a smaller value of R would imply a f a i r ly  deep minimum a t  

a f a i r l y  s m a l l  nuclear  separat ion - n o t  t he  s o r t  of behavior expected of a 

negat ive ion, and a l s o  Taylor and Harr is  conclude from t h e  de t a i l ed  s t r u c t u r e  

of their  wave funct ion t h a t  any l a rge  departure  from ADE i s  mathematically 

h ighly  improbable. By t h e  non-crossing rule,  t h e  o r i g i n a l  curves AF and CDE 

w i l l  be replaced by CF and ADE; a va r i a t iona l  ca lcu la t ion  gives  an upper bound 

t o  ADE, and t h i s  agrees  with t h e  r e s u l t s  of Taylor a d  Harris. It cannot be 

s t a t e d  with complete c e r t a i n t y  t h a t  t he re  i s  not a second minimum ii; the curve, 

nea r  t h e  poin t  D, but t hese  results show nothing t o  suggest such a minimum. 

Thus, on t h e  present  evidence, t h e  ground s ta te  of Hi is  not  s t ab le .  

A l s o  shown i n  Figure 6 a r e  t h e  curve f o r  H2 ( 3,; 1 + e m d  Fischer-  

4" 
Hjalmers' r e s u l t s  f o r  H i  ( 'z, ) *  

symmetry from a l l  states below it, so t h a t  t he  va r i a t iona l  ca lcu la t ion  i s  val id ,  

and by t h e  sp in  se l ec t ion  rule 

The l a t t e r  s ta te  has a d i f f e r e n t  spin 

6$=0 it i s  a metastable  state. Hi has been 
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observed i n  a mass spectrometer (Khvostenko and Dukel 'ski i ,  1958), and these  

observations may w e l l  have been of t h i s  metastable state; the  f a c t  t h a t  it has 

been very d i f f i c u l t  t o  observe H- suggests that t h e  ground state  does not  have 

a deeply s t a b l e  minimum. 

2 
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PART B 

HYDROGEN MOLECULES I N  ASTROPHYSICS 

by 

G .  B, Fie ld  
* .  

I. GENERAL CONSIDERATIONS 

The i n t e r e s t  i n  H stems from the f a c t  t h a t  it i s  t h e  s t a b l e  form of 2 

hydrogen a t  l o w  temperatures. I t s  abundance r e l a t i v e  t o  t h a t  of atomic 

hydrogen i s  given by the  d issoc ia t ion  equation (Aller ,  1963, p .  131 ), 

(53) 

provided t h a t  l o c a l  thermodynamic equilibrium appl ies .  For the  dens i t i e s  

appropriate  i n  s t e l l a r  atmospheres, equation (53 )  implies t h a t  p ( H 2 )  > p ( H )  

f o r  main-sequence stars l a t e r  than M4 ( T  

l a t e r  than M7 ( T  4 2400OK). H i s  expected t o  be dominant i n  planetary 

atmospheres. 

< 3 I O O O K )  and f o r  giant  stars 

2 

It i s  believed t h a t  t he  k ine t i c  temperature throughout l a rge  regions of 

i n t e r s t e l l a r  space i s  of t h e  order of 10OoK and t h a t  t h e  dens i ty  i s  of the  

crder  of 1 s o  t h a t  one would expect El2 t o  dominate the re  a l s o  on the  

b a s i s  of equation (53) .  However, t h e  processes which form H and destroy it 2 

are very d i f f e ren t ;  H i s  formed on the surface of gra ins  wL.,asc temTerature 2 
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i s  about lOoK, while it i s  destroyed by u l t r a v i o l e t  quanta whose co lor  tempera- 

t u r e  i s  about 30,000 OK. Under such devia t ions  from LTE, equation (53) i s  

inappl icable .  Rather, de t a i l ed  ca lcu la t ions  of rates of formation and de- 

s t r u c t i o n  are necessary, as pointed out by Str8mgren (1939), Sp i t ze r  (1948), 

and van de Hulst  (1948). 

conclusive, but  i nd ica t e  t h a t  H2 w i l l  dominate i n  a t  least  l imi t ed  regions of 

i n t e r s t e l l a r  space. 

A t  t h e  present t i m e  such ca lcu la t ions  are r a t h e r  i n -  

It i s  p a r t i c u l a r l y  important t o  know t h e  H2 abundance i n  i n t e r s t e l l a r  

space because it may cont r ibu te  subs t an t i a l ly  t o  the amount of gas present  

near t h e  sun even though it i s  not r ead i ly  observable. Gould, Gold, and S a l -  

p e t e r  (1963) consider t h a t  amounts of  H up t o  f i v e  t i m e s  t h e  amount of atomic 

H observed by t h e  21-centimeter technique would not  c o n f l i c t  wi th  upper l i m i t s  

on t h e  t o t a l  mass dens i ty  in fe r r ed  from t h e  g a l a c t i c  g r a v i t a t i o n a l  f i e l d .  

H2 would a l s o  p l ay  an important part i n  t h e  thermal p rope r t i e s  of  i n t e r s t e l l a r  

material. Not only i s  it a very e f f ec t ive  cooling agent at t h e  temperatures of 

i n t e r s t e l l a r  gas, as suggested by Spi tzer  (1949), bu t  i t s  heat  of formation 

(2.25 e V  per  atom) i s  considerably l a r g e r  than t h e  next most important form 

of energy of i n t e r s t e l l a r  gas, turbulent  energy ( 1  .O e V  per  atom). 

2 

IE s p i t e  of t h e  importance of H2 as indica ted  above, t h e  only pos i t i ve  

de t ec t ion  of  it at  t h i s  wr i t ing  has been i n  p lane tary  atmospheres and i n  a 

f e w  stars. The reason f o r  t h i s  can be t raced  TO t he  i.ir1f&vori5le l x a t i o n  of 

i t s  spectrum. The resonance l i n e s  of t h e  e l ec t ron ic  spectrum l i e  i n  t h e  

extreme u l t r a v i o l e t  (nea r  t h e  correspondlng l i n e s  of atomic H ) ,  s o  t h a t  LLI- 

struments above t h e  atmosphere a r e  req.Aired f o r  t h e i r  de tec t ion  (Spi tzer ,  1956). 

Resonance l i n e s  due t o  i n t e r s t e l l a r  H2 should be r ead i ly  de tec tab le  i n  B-star 

spec t ra ,  as they  are permit"ued dir,cle 5 - s r L ; i t ; ~ n s .  Tk:? S ~ T ?  ' i n e s  i!i t h e  
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i n  t h e  atmospheres of cool stars and of p lane ts  are of secondary i n t e r e s t ,  

owing t o  t h e  lack  of a s u i t a b l e  u l t r a v i o l e t  continuum. Subordinate l i n e s  are 

unimportant both i n  i n t e r s t e l l a r  space and i n  atmospheres because of the  i n -  

s u f f i c i e n t  degree of exc i t a t ion .  

H i n  i t s  ground e lec t ronic  s t a t e  a l s o  possesses a ro ta t ion-v ibra t ion  2 

spectrum i n  t h e  in f r a red  (fundamental band around 2 6 "  ), and a pure ro t a t ion  

spectrum i n  the  far in f r a red  (2-0 t r a n s i t i o n  a t  28 

forbidden because H 

they occur only as quadrupole t r ans i t i ons ,  or,  i f  t h e  pressure  exceeds 10 

atmospheres, as col l is ion-induced dipole t r a n s i t i o n s .  A s  a resu l t ,  t h e  l i n e s  

are discouragingly weak. 

ro ta t ion-v ibra t ion  spectrum, p a r t i c u l a r l y  the  3-0 band a t  8000 8, should 

be de t ec t ab le  i n  s t e l l a r  and p lane tary  atmospheres. Various authors  such as 

Zwicky (1959) have suggested a search f o r  t h e  pure r o t a t i o n a l  t r a n s i t i o n s  by 

i n t e r s t e l l a r  H A l i v e l y  discussion has centered on whether or  not t r a n s i -  

t i o n s  between states of d i f f e r e n t  nuclear spin (or tho-para t r a n s i t i o n s )  are t o  

be expected i n  any s t rength .  The cur ren t  ca lcu la t ions  ind ica t e  t h a t  such 

t r a n s i t i o n s  a re  s t rongly  forbidden both r ad ia t ive ly  and c o l l i s i o n a l l y  under 

t y p i c a l  condi t ions i n  i n t e r s t e l l a r  space. 

approximately 1000 K, however.) I n  any case, even t h e  t r a n s i t i o n s  between 

states of t h e  same nuclear sp in  a r e  probably E O  week t h a t  f u r t h e r  t echn ica l  

developments will be needed f o r  t he i r  detect ion,  even i f  te lescopes above the 

atmosphere are ava i lab le .  

A s  e a r l y  as 1938 

). Both of these a r e  /" 
has no permanent e l e c t r i c  d ipole  moment, and therefore  2 

Nevertheless, Herzberg ( 1938) ca lcu la ted  t h a t  t h e  

2.  

(They can occur c o l l i s i o n a l l y  above 

0 

Herzberg suggested t h a t  t he  ro ta t ion-v ibra t ion  spectrum 

o f  €ID might be de tec tab le  even i f  D/H were very low, owing t o  t h e  f a c t  t h a t  

HE has  a s m a l l  permanent d ipole  mornnnt. dppei- limits sn l i n e  st:-eri&ths i n  

p l ane t s  a r e  now ava i lab le .  Detection c;f' i n t e r s t e l l a r  HD might Le possible  from 

_. 
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t he  isotope s h i f t  of e l ec t ron ic  t r a n s i t i o n s .  This would be par t icul .ar ly  i n t e r e s t -  

ing  s ince  t h e  r a t i o  of atomic D t o  atomic H i n  i n t e r s t e l l a r  space seems t o  be 

lower than t h e  

H i n  i t s  

s t ruc tu re ,  and 

however, H i n  

sublevels  ( F  = 

2 

2 

t e r res t r ia l  value (Weinreb, 1962) . 
ground state of course possesses no f i n e  s t ruc tu re  and no hyperfine 

hence no rad io  spectrum l i k e  t h a t  of H .  

t h e  f i r s t  exc i ted  ro t a t iona l  l e v e l  ( I  = 1 ,  K = 1 ) i s  s p l i t  i n t o  three 

0, 1 ,  and 2 ) ,  by the  magnetic i n t e r a c t i o n  between t h e  end-over-end 

A s  pointed out i n  Sect ion V I I I ,  

motion of t he  nuc le i  and the  nuclear spin, giving r i s e  t o  radio-frequency l i n e s  a t  

54.8 and 546 kc/s. However, these t r a n s i t i o n s  are far t o o  weak t o  de t ec t  even 

i f  s a t e l l i t e  techniques permit one t o  pene t r a t e  t h e  ionosphere. H has an un- 

pa i red  e l ec t ron  and hence hyperfine s t ruc tu re  f o r  states of nonvanishing I and K .  

The prec ise  loca t ion  of t h e  t r ans i t i ons  i n  t h e  I = 1, K = 1 l e v e l  has been t h e  

subjec t  of i n t ens ive  t h e o r e t i c a l  study which i s  s t i l l  inconclusive.  The s tudy of 

+ 
2 

t h i s  species  u t i l i z i n g  emission between t h e  m e r f i n e  states (Burke, 1954) would 

probably re la te  mostly t o  regions where s t rong s t e l l a r  u l t r a v i o l e t  i s  ac t ing  on 

i n t e r s t e l l a r  H regions.  HE has no f i n e  or  hyperfine s t ruc tu re ,  bu t  i t s  u l t r a f i n e  

s t r u c t u r e  i s  somewhat d i f f e r e n t ,  owing t o  t h e  f a c t  t h a t  I = $ or  3/2 r a t h e r  than 

0 o r  1 .  

2 

Various continua a r e  associated with t h e  H molecule. Photoionization 2 

804 8, while photodissociation through an exc i ted  state of occurs f o r  h 

atomic H occurs f o r  h < 849 8. Both are permit ted t r a n s i t i o n s  and i n t e r s t e l l a r  

H 

not f o r  t h e  f a c t  t h a t  they are swamped by t h e  photoionizat ion continuum of atomic 

H (h 4 912 8 ) . Energet ical ly ,  t he  repuls ive  zb state i s  access ib le  v i a  a 

continuous absorption f r o m t h e  ground state, but t h i s  t r a n s i t i o n  i s  a s i n g l e t -  

t r i p l e t  one and i s  the re fo re  r a the r  StrGrigly Pol%bidden. A crude e s t i n a t e  f o r  t h e  

< 

would cause observable absorptions i n  ear ly- type s te l lar  spec t r a  if  it were 2 

3 +  
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c ross  sec t ion  a t  around 1500 8 i s  

(1963). 

t o  judge from Gould and Sa lpe te r  

This i s  bare ly  poss ib le  t o  de tec t  even i n  p l ane ta ry  atmospheres. 

Calculat ions have been made of  both t h e  Rayleigh and R a m a n  s c a t t e r i n g  c ross  

sec t ions .  

u l t r a v i o l e t ,  and of course even smaller i n  the  v i s i b l e  and i n  t h e  in f r a red .  

Nevertheless,  it may cont r ibu te  t o  the v i s u a l  albedo of p lane ts ,  and t o  t h e  

atmospheric opaci ty  of p l ane t s  and s t a r s .  

The Raleigh c ross  sec t ion  is  a l s o  of t h e  order of 10 -" cm2 i n  t h e  

Wildt ( 1949) suggested t h a t  quasi-molecular hydrogen might provide a 

s i g n i f i c a n t  source of opaci ty  i n  s t e l l a r  atmospheres f o r  h 4 

involved i s  the  analogue of photodissociat ion from t h e  ground s i n g l e t  state t o  an 

exc i ted  s i n g l e t  state of t h e  molecule, but involves a t r a n s i t i o n  from t h e  lowest 

t r i p l e t  s t a t e  t o  an exc i ted  t r i p l e t  state in s t ead .  As  t h e  former i s  a repuls ive  

s t a t e  comprising simply two neighboring H-atoms, it i s  c a l l e d  a "quasi-molecule' ' .  

This t op ic  has been considered by l a t e r  authors,  and t h e  most r e l i a b l e  conclusion 

i s  t h a t  t h e  mechanism occurs, bu t  i s  n o t  q u a n t i t a t i v e l y  s i g n i f i c a n t .  Calculat ions 

of t r a n s l a t i o n a l  absorpt ion ( i n  which t h e  photon energy goes i n t o  t h e  motion of 

f r e e  molecules) have been made by Poll and Van Kranendonk (1961). According t o  

Gaustad (1963), t h i s  process  may be important i n  high-densi ty  condi t ions such 

as may be found deep i n  p l ane ta ry  atmospheres. 

2000 8. The process 

+ 
Processes involving H such as photodissociat ion and quasi-molecular pro-  2 '  

cesses  (analogous t o  those of H ) have been considered by Bates ( 1952). 

Apparently these  processes may be s i g n i f i c a n t  i n  s t e i i a r  atmospheres where both 

H and H a r e  abundant. H- has a l s o  been <he subjec t  of much d iscuss ion .  A s  

shown i n  Sect ion I X  of P a r t  A, however, H; has no s t a b l e  bound s t a t e  (a l though 

it has a metastable s t a t e  whose energy i s  higher than H + H-). 

2 

+ 
2 

It the re fo re  

e x h i b i t s  no bound-free absorpt ion.  However, a s  we s h a l l  see below, f r ee - f r ee  

t r a n s i t i o n s  by e l ec t rons  i n  atmospheres abundant i n  H, cont r ibu te  s i g n i f i c a n t l y  

t o  the  continuous opacity.  

L 
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11. PLANETARY ATMOSPHERES 

Herzberg (1938) f irst  pointed out t h e  p o s s i b i l i t y  of de tec t ing  the  

ro ta t ion-v ibra t ion  spectrum of H i n  p lane ts .  He had i n  mind t h e  weak 

quadrupole t r ans i t i ons ,  and indeed the Q ( 1  ), S ( 0 ) ,  S ( 1  ), and S ( 2 )  l i n e s  of 

t he  3-0 band were f i r s t  detected by Kiess, Cor l i s s ,  and Kiess (1960) i n  the  

spectrum of Jup i t e r .  In  t h e  meantime, however, Herzberg (1952) had already 

i d e n t i f i e d  a 35-a wide fea ture  a t  8270 a discovered i n  spec t r a  of Uranus and 

Neptune by Kuiper (1949) as t h e  S (0)  l i n e  of t h e  pressure-induced 3-0 vibrat ion-  

ro t a t ion  band. Spinrad ( 1963) has recent ly  found t h e  S ( 0 )  l i n e  of t h e  pressure- 

induced 4-0 band a t  6420 a i n  t he  spectrum of Saturn. 

2 

Most quant i ta t ive  work, however, has been done on t h e  quadrupole l i n e s ,  

which, unlike t h e  dipole l i n e s ,  have widths measured i n  milliangstroms and a r e  

no t  as subject  t o  blending. Very high dispers ion i s  required f o r  t h e i r  study. 

Table 1 shows the  l i n e s  t h a t  have been observed i n  t h e  atmospheres of Jupi te r ,  

Saturn, and Uranus. 

Table 1 - following page. 
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Table 1 

Equivalent Width (d) 

Quadrupole Lines i n  Planets  

References 

Band 

3 -0 

4-0 

Band 

4-0 

Line 

I. Jupi te r  

Equivalent Width (I&) 

8272.7 

81 50.7 

8046.4 
8437 * 5 

6367.8 
6435.0 

6567.7 (predicted: 

11. Saturn 

111. Uranus 

40 
31 
80 

34 
7: 

Trace 

Blended 

8f2 

5 3  

References 

Detected 5 

Band Equivalent Width (d) Ref e r en c e s 

References : 1. Kiess, Corliss, and Kiess (1960) 
2.  Zabriskie ( 1962) 
3. Spinrad and Trafton ( 1363) 
4. Zabriskie (1360) 
5. Mbch and Spinrad (1963) 
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It would be des i r ab le  t o  i n t e r p r e t  these  r e s u l t s  i n  terms of t h e  amounts 

4 and temperature of H above the  r e f l ec t ing  l aye r ,  for comparison with da t a  on CH 

and o ther  cons t i tuents ,  as t h i s  procedure would a f f o r d  a r e l i a b l e  es t imate  of t h e  

H/C r a t i o  i n  t h e  s o l a r  system ( o f  i n t e r e s t  t o  cosmogony). 

with widely varying r e s u l t s  e 

t o  a value of N ( t h e  number of molecules i n  a square centimeter column above 

the  clouds of J u p i t e r )  equal  t o  4.6 km Am*, and a r o t a t i o n a l  temperature between 

2 

This has been done 

The f i r s t  attempt by Zabriskie  (196c, 1962) l e d  

*An Amagat (Am) is  t h e  dens i ty  of a gas a t  STP, s o  t h a t  1 km Am i s  equivalent  t o  

2.69 x 10 

p o s s i b i l i t y  of confusion with pressure u n i t s .  

24 2 molecules per  cm . We use  km Am r a t h e r  than  km a t m  because of t h e  

170 OK and 200 OK. 

J u p i t e r  maybe as much as 270 km Am. 

of a confusing a r r ay  of observational and labora tory  data ,  and t h e o r e t i c a l  i n t e r -  

p r e t a t i o n s .  We s h a l l  show below t h a t  t h e  m o s t  probable value l i e s  i n  a th ree -  

fold range. 

Most r ecen t ly  Fol tz  and R a n k  (1963) have estimated t h a t  IT on 

This 60-foid range of es t imates  a r i s e s  out 

The f i rs t  s t e p  i s  t o  e s t ab l i sh  t h e  i n t r i n s i c  s t r eng th  of t he  s t ronges t  l i n e  

of Table 1, t h e  S ( 1  ) l i n e  of t h e  3-0 band. Let d v  be 

pe r  k m  Am, s o  t h a t  t h e  o p t i c a l  depth along t h e  pa th  of a 

zen i th  angle 2 0 and leaving at  angle  2 a  i s  

the  absorption c o e f f i c i e n t  

r ay  coming i n  a t  l o c a l  

i f  t h e  temperature and hence 

l a y e r .  The equivalent  width of a weak l i n e  i s  then 

d, i s  sens ib ly  constant  through t h e  absorbing 
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I 
Table 2 

Strengths of S ( 1 )  Quadrupole Lines 

where 

1-0 

73 

29 
120 

91 

vn -1 -1 
S has units km-’ Am” cm if %’ i s  i n  cm . I n  these  expressions n 

0 

2 -0 

12 

27 
24 

13 

i s  t h e  f r ac t ion  of molecules i n  the  lower l e v e l  a t  t h e  given temperature 

Experimental o r  Theoretical  

E 

T 

2 
(0.67 i n  K = 1 a t  300°K), C I Q  i s  t h e  absorption cross sect ion i n  cm , and 

Author 

Rank, Fink, Fol tz  & Wiggins 

James and Codlidge (1938) 
(1963) 

B t h e  usual Einstein coe f f i c i en t  f o r  absorption (defined f o r  u n i t  spec t r a l  energy 

T 

dens i ty) .  

Somerville (1964b) 

The bes t  experimental determinations of So a re  those of Rank, Fink, Fol tz ,  and 

Wiggins ( 1  964) f o r  t h e  1-0, 2-0, and 3-0 S ( 1  ) l i n e s .  Their r e s u l t s  f o r  S are 
0 

given i n  Table 2, along with values calculated from t h e  B-values f i rs t  given 

t h e o r e t i c a l l y  by James and Coolidge (1938). The disagreement between experiment 

3 -0 
~ 

1.1  

7.7 
3.3 

1 *5 

Source 
I 

T Rank, Rao, Sitaram, Slomba 
and Wiggins ( 1  962) 



-36- 

The e a r l y  t h e o r e t i c a l  r e s u l t s  were based on values  of ('32% - Yz ) 

averaged over t he  e l e c t r o n i c  wave functions of James and Coolidge. 

may be derived using t h e  values of t h i s  parameter ( r e l a t e d  t o  t h e  s t a t i c  quadrupole 

moment of t h e  molecule a t  f ixed  in t e rnuc lea r  separa t ion)  ca lcu la ted  from a 28-para- 

meter wave funct ion by Kolos and Roothan (1960).  

i n  t h e  las t  two re ferences  of Table 2.  

them i s  not c l e a r ,  as d e t a i l s  of t he  1962 ca l cu la t ion  a re  n o t  ava i l ab le .  

Newer r e s u l t s  

This has been done independently 

The reason f o r  t he  discrepancy between 

Both of t h e  new t h e o r e t i c a l  values exceed t h e  experimental ones f o r  a l l  t h r e e  

bands. According t o  James and Klemperer (1964) t h i s  i s  t o  be expected because the  

r e s u l t s  obtained i n  t h i s  manner don ' t  contain a cor rec t ion  f a c t o r  l e s s  than u n i t y  

which should be included for r o t a t i o n a l  e f f e c t s .  According t o  these  authors  t h e  1-0 

r e s u l t s  should be reduced by 32$, t o  82 and 62 x km-' Am-' cm-l f o r  t h e  1962 

and 1964 ca l cu la t ions  respec t ive ly .  

t h a t  it appears t h a t  f u r t h e r  e f f o r t  may g ive  s u b s t a n t i a l  accord between theory and 

experiment f o r  a l l  t h r e e  bands. 

These values bracket t h e  experimental  one so  

A l l  of t he  values  a r e  p l o t t e d  i n  Figure 8. 

I n  t h e  meantime it seems prudent, as suggested by Spinrad and Traf ton (1963), 

t o  u t i l i z e  experimental r e s u l t s  i n  converting equivalent  widths t o  abundances. 

W e  t he re fo re  adopt So = 1 . I  x 1 0-3 km-' Am" cm-l f o r  t h e  3-0 S ( 1 )  l i n e  from 

Table 2.  

The mean of t h e  equivalent  widths measured i n  t h e  spectrum of J u p i t e r  i s  

(weighting Spinrad and Trafton twice Kiess, Cor l i ss ,  and Kiess on t h e  49 d? 
b a s i s  of number of p l a t e s  t aken) .  

i s  2 .2  t i m e s  t h e  

according t o  Zabriskie,  1962), and corresponds t o  a frequency width of 7.4 x 10 

cm . One f i n d s  from equation (55)  t h a t  N = 20 km Am, using < sec SL Q + sec @> 

= 7l' , appropriate  when t h e  spectrograph entrance s l i t  i s  through t h e  center  of 

t h e  d i s k .  

This value (which i s  uncer ta in  by about 5%) 

rms Doppler width a t  170°K (es t imated  temperature of clouds 

-2 

-1 

(The So used i n  the reduction must be corrected from t h a t  a t  300°K 



-37- 

according t o  equation ( 3 )  by multiplying by 1.08, which i s  the  r a t i o  of the f r ac t ion  

of molecules i n  K = 1 at 170°K t o  tha t  a t  3 0 O O K ) .  

This abundance of H i s  a l o w e r  l i m i t  because it omits t h e  e f f e c t s  of sa tura t ion ,  2 

but  even it i s  4.4 times Zabr i sk ie ' s  estimate,  l a r g e l y  because he r e l i e d  on James 

and Coolidges' value of S which i s  qui te  i nco r rec t  according t o  newer d a t a  

(Figure 8) .  

one estimates t h a t  t h e  t rue  value of N i s  1.6 times t h a t  given by t h e  unsaturated 

case, o r  32 km Am. Even t h i s  may be somewhat t o o  s m a l l  because of an e f f e c t  p red ic ted  

by Dicke (1953) and experimentally ve r i f i ed  f o r  t he  1-0 quadrupole band by Rank and 

Wiggins (1963). 

a c t u a l l y  cause a narrowing of a p ro f i l e  from t h e  c l a s s i c a l  Doppler width by stopping 

a molecule before  it can e m i t  f o r  enough wave per iods t o  bui ld  up i n t e n s i t y  a t  a 

Doppler-shifted frequency. 

i f  t he  c o l l i s i o n s  are such as not  t o  per turb  t h e  states involved i n  the  t r a n s i t i o n .  

Rank and Wiggins found t h a t  the measured width of t he  1 -0 S ( 1 ) l i n e  w a s  only 75% 

of the  pure Doppler width when t h e  densi ty  w a s  1.5 Amagat. The dens i ty  of t h e  H2 

alone a t  t h e  cloud l e v e l  of J u p i t e r  would be N/H, or about 1.5 Amagat f o r  H = 20 km 

0 

From t h e  curve of growth f o r  Doppler broadening (Uns'dld, 1938, p .  168) 

According t o  Dicke, molecular c o l l i s i o n s  can i n  c e r t a i n  cases 

This e f f ec t  w i l l  dominate t h e  usual  c o l l i s i o n a l  broadening 

= 3) ,  s o  t h a t  a 25% reduction i n  i n t r i n s i c  l i n e  width would obta in  i f  t he  
( / "  
3-0 band behaves l i k e  the  1-0. The curve of growth then suggests values of N as 

high as 50 k m  Am. This rev is ion  i s  very t en ta t ive ,  however, and i s  mentioned 

only t o  ind ica t e  t h e  care  t h a t  w i l l  be needed i n  the  in t e rp re t a t ion  of fu tu re  ob- 

se rva t ions  of t h i s  kind. It  i s  unfortunate t h a t  " c o l l i s i o n a l  narrowing" w i l l  

r e su l t  i n  a g r e a t e r  degree of  sa tura t ion  and even more uncertain abundance estimates 

i f  it i s  indeed present .  

We now consider t h e  4-0 band, the de tec t ion  of which l ed  Fol tz  and Rank ( 1963) 

t o  suggest values of N up t o  270 k m  Am. Their  high est imates  a r i s e  because t h e  

ex t rapola t ion  of labora tory  measurements of S from lower overtones up t o  the  4-0 
C 
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band l e d  t o  t h e  expectation t h a t  it should be extremely weak. 

by Rank, e t ,  a l .  ( 1964) give So ( 30OoK) f o r  t h e  4-0 l i n e  as 7.4 x 10 

equivalent  t o  8 .0  x 1 OV5 a t  1 TOOK ( see Figure 8 ) . 
i s  2 . 0  x 10 

than t h e  values ind ica ted  by the  3-0 band. The e f f e c t s  of s a tu ra t ion  are small here. 

This estimate i s  uncertain not  only because it is  based only on an ex t rapola t ion  

t o  f i n d  So, but  a l s o  because of an anornoly i n  the  observed r e l a t i v e  s t rengths  

of S ( 1 )  and Q ( 1 )  (Table 1 ) .  

The ' l c l a s s i ca l l l  r a t i o  given by James and Coolidge (1938) i s  1.7. 

l a t t e r  must be revised downward because t h e  r o t a t i o n a l  cor rec t ion  f a c t o r  less 

than un i ty  appl ies  t o  t h e  S branch but no t  t o  t h e  Q branch (James and Klemperer, 

1964). Hence t h e  discrepency i s  considerable,  and although one p o s s i b i l i t y  may 

be blending of t h e  Q ( 1 )  l i n e  with s o l a r  H2 (Spinrad, 1964a)part of the  d i f f i c u l t y  

may be  i n  an overestimate of t h e  S ( 1  ) s t r eng th .  

width by one probable e r r o r  would reduce N t o  60 km Am. 

quadrupole d a t a  ind ica t e  a value of N between 30 and 80 k m  Am, with some preference 

f o r  t h e  smaller values.  

Revised estimates 

-1 
cm ? 

-5 h-l Am-l 

The observed equivalent  width 

-2 -1 
ern , which with equation (55) y i e lds  N = 80 km Am, somewhat higher  

The observed r a t i o  of S ( 1 )  t o  Q ( 1 )  i s  > 2.7.  

However, t h e  

Even reducing the  equivalent  

W e  conclude t h a t  t h e  

Some evidence f o r  t h e  smaller values of N comes from upper l i m i t s  on t h e  

Rayleigh sca t t e r ing  by H2. 

f i n d  t h a t  t h e  o p t i c a l  depth i s  

From t h e  p o l a r i z a b i l i t i e s  given by Allen (1963) w e  

where h is  i n  microns. bpik ( 1962) calcula-ses a t o t a l  o p t i c a l  depth of 0.25 at 

f o r  t h e  atmosphere above t h e  clouds. The da ta  of Gehrels and Teska "."r- 
(1962) suggest even lower values, as does  a rcclret measurenent of t h e  u l t r a - v i o l e t  

albedo ( Stecher,  1964a). Since other  components may cont r ibu te  t o  the sca t t e r ing ,  

it i s  l eg i t ima te  t o  consider  0.25 as an upper l i m i t  t o  /t: (He) at 0 . 4 ~  . 
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This implies N < 27 km Am. 

We may also obtain crude information from the absence of the pressure-induced 

dipole lines 

tory spectra 

in which the 

we may write 

in the spectrum of Jupiter. 

(Herzberg, 1952) is due mostly to double transitions (1 -0 and 2-0) 

colliding partners are both H2 molecules. 

for the central optical depth in this feature 

The blended feature at h8166 in the labora- 

From Hare and Welsh (1958) 

where A? is the effective line width (90 em-’ at 170°K), d is the integrated 

absorption coefficient, and 

for quadratic dependence on density and the slit centrally located). 

imated to be roughly 0.05 km-’ Am-2 cm-l from inspection of Herzberg’s spectra. 

The absence of the feature in the Jovian spectra of Kiess, et. al. (1960) suggests 

that 

that N = H < 150 km Am. If, as ‘bpik ( 1962) implies, helium is far more 

abundant in Jupiter than in the sun (42 times H2 by number), one might expect to 

see the h8270 feature, which is due to a normal 3-0 transition induced by a passing 

helium atom. 

is the effective path length ( L = T H / 2  

d is est- 

% 1 1, which, using equation (58) with H = 20 km ( /” = 3 ) ,  implies 

In this case the appropriate value of d is roughly 0.004 km -1 Am-2 

- I  cm for pure H and half as large for an atmosphere dominated by helium (Hare and 2’ 

Welsh, 1958). The line width would be 66 em-’ and H would be 14 km in this case. 

The observation that 4 

are consistent with what has 

refined observations of both 

lines are capable of testing 

1 then implies N (H,) < 80 km Am. Both upper limits 

been stated above, but the latter indicates that 

the quadrupole lines and the pressure induced dipole 

Opik’s hypothesis of helium enrichment. 
I t  
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We have shown t h a t  a l l  da t a  i s  cons i s t en t  with N ( H 2 )  between 30 and 80 km Am, 

but  t h a t  t h e  absence of s t rong Rayleigh s c a t t e r i n g  ind ica t e s  t h a t  30 km Am i s  t h e  

most l i k e l y  value.  

r a t i o  of H/C = 400 is  indica ted .  

Traf ton (1963) t h a t  hydrogen i s  d e f i c i e n t  i n  J u p i t e r ,  s ince  the  s o l a r  r a t i o  i s  

1900 (Goldberg, M u l e r ,  and Al le r ,  1960). The l a t t e r  r a t i o  is  supported by a pre-  

c i s e  spectroscopic  determination of H/O = 1040 (Gaustad, 1964) and a determination 

of 1963). 

However, it should be borne i n  mind t h a t  s a t u r a t i o n  e f f e c t s  i n  t h e  quadrupole l i n e s  

and errors i n  t h e  determination of the Rayleigh s c a t t e r i n g  could b r ing  N (H2) up 

t o  80 km Am and hence H/C up t o  1 1  00 i n  J u p i t e r ,  not fa r  f rom t h e  s o l a r  value.  

A t  t h i s  po in t  we may ment ion  the attempt of Owen (1963) t o  d e t e c t  t h e  4-0 

Since N ( CHq) i s  0.15 km Am (Kuiper, 1952), a nuclear abundance 

This agrees with t h e  content ion of Spinrad and 

O/C = 1.7 i n  s o l a r  cosmic rays ( B i s w a s ,  F i ch te l ,  GUSS, and Waddington, 

R (0 )  and P ( 1 )  l i n e s  of HD a t  7377 1 and 7464 a r e spec t ive ly  i n  t h e  spectrum of 

J u p i t e r .  By comparing with p l a t e s  taken through 1 km Am by Durie and Herzberg 

(1960), he deduced an upper l i m i t  of 0.5 km Am from t h e  absence of  t hese  l i n e s  i n  

J u p i t e r .  

s t i l l  far below the  t e r r e s t r i a l  value, 6400. Nevertheless one sees  t h a t  t he  d ipole  

moment i n  HD a t  least permits one t o  r u l e  out considerable enrichment i n  deuterium. 

The r e s u l t i n g  lower  l i m i t  on H/D i s  120 i f  we adopt 30 km Am of H2 - 

The s t r u c t u r e  of the  atmospheres of t h e  major p l ane t s  i s  c e r t a i n l y  heavi ly  

inf luenced by t h e  thermodynamic and op t i ca l  p rope r t i e s  of H2, a major cons t i t uen t .  

According t o  Peebles (1964), t h e  models of J u p i t e r  and Saturn which give the  bes t  

f i t s  t o  t h e  observed ex te rna l  g r a v i t a t i o n a l  p o t e n t i a l s  are charac te r ized  by hot,  

deep atmospheres i n  which t h e  dens i ty  i s  4-5 times lower than that of an isothermal 

atmosphere a t  t h e  sane pressure .  He supposes t h a t  t he  atmosphere i s  i n  convective 

equilibrium, r a d i a t i v e  processes  being i n s u f f i c i e n t  t o  t r anspor t  t h e  i n t e r n a l  hea t  

generated by r a d i o a c t i v i t y .  
1 1  

(Opik, 1962, argues t h a t  t h i s  heat  f rom J u i p t e r  has 
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i n  f a c t  been de tec ted  radiometrically,  s ince  the  observed temperat,ure of 1 2 8 ' ~  

IMurray, Wildey, and Westphal, 19641 considerably exceeds t h a t  expected from t h e  

4 -1 ava i l ab le  s o l a r  energy. H e  places  t h e  heat  f lux  at about 10 e rg  em-* sec  .) 

I n  inves t iga t ing  t h e  convective atmosphere of Jupi ter ,  Peebles took r e l a t i o n s  

3 of the  form p = const  x y' , where f w a s  1 .4  at pressures  below 10 atrn and 

up t o  t o  2.4 at higher pressures .  

1000°K; t h e  high-pressure value w a s  assumed i n  order  t o  keep the  dens i ty  from 

The low-pressure value i s  co r rec t  f o r  H below 2 

approaching t h e  densf ty  of s o l i d  H too quickly.  While it may t u r n  out t h a t  such 2 

r e l a t i o n s  a r e  q u i t e  adequate f o r  t he  problem a t  hand, quest ions arise p - e  
3 concerning i t s  v a l i d i t y  f o r  pressures  above 10 a t m .  While it i s  t r u e  t h a t  f i n i t e  

molecular volume r e s u l t s  i n  an increased 11 at  high pressure,  t he re  are severa l  

effects which a c t  i n  t h e  opposite d i rec t ion :  exc i t a t ion  of v ib ra t iona l  degrees 

of freedom, d i s soc ia t ion  t o  atomic hydrogen (because of high temperature and/or 

high pressure) ,  and ion iza t ion  of both molecules and atoms (because of high 

temperature and/or high pressure)  . 
The temperatures along Peebles '  curve 5 ( t h e  one with t h e  highest  value of 

) can be estimated from a van der Waals equation of state, using t h e  volume p 
3 of t h e  s o l i d  phase as t h e  excluded volume. 

2500OK at  10 a t m ,  and 6600'~ a t  10 a t m  pressure.  

One obtains  1000°K a t  10 a t m ,  

Vardya ( 19601, i n  a study 4 5 

of t h e  thermodynamic p rope r t i e s  o f  hydrogen-helium mixtures at low temperatures 

where H i s  important, g ives  the  e f f ec t ive  value of f as 1.38, 1.29, and 1.26 

a t  t h e  corresponding temperatures and a t  low pressures ,  l a r g e l y  due t o  v ib ra t iona l  

2 

e x c i t a t i o n .  Presumably t h i s  e f f e c t  would p e r s i s t  at high pressures .  Again, 

assuming t h a t  t h e  d i s soc ia t ion  equilibrium constants  given by Vardya are v a l i d  

at high pressure,  one f i n d s  1 %  d i ssoc ia t ion  a t  3 x lo4 a t m  (39OOoK) ,  and 10% at  

lo5 a t m  (6600'~). Since one might expect pressure  d i s soc ia t ion  t o  increase these  

amounts, d i s soc ia t ion  may p l a y  a role  i n  decreasing r even below t h e  values  given 
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above. Ion iza t ion  w i l l  a l s o  tend i n  t h e  same d i r ec t ion .  We conclude t h a t  extension 

of Vardya's ca lcu la t ions  on t h e  proper t ies  of H2 

i n  p lane tary  atmospheres i s  needed i n  order  t o  assess  t h e  cor rec tness  of Peebles '  

curves.  

t o  t he  high pressures  encountered 

I n  addi t ion,  more study i s  needed before one can be c e r t a i n  t h a t  r a d i a t i v e  

processes are too  ine f fec t ive  t o  carry t h e  heat  f l u x  with lower temperature 

grad ien ts  than t h e  ad iaba t i c .  One way t o  check Peebles i s  t o  estimate the  r a d i a t i v e  

f l u x  which is appropriate  f o r  h i s  assumed temperature g rad ien t s  (2-3 degrees per 

km i n  t h e  10 - 10 a t m  pressure  range) If t h i s  amount exceeds t h e  "observed" 

10 e rg  em sec  (which i s  c e r t a i n l y  an upper l i m i t  i n  any case) ,  one may 

conclude t h a t  convection i s  not  necessary and t h a t  a lower temperature gradient  

would s u f f i c e .  

4 5 

4 .- 2 -1 

To assess t h i s  question one needs accurate  opaci ty  t a b l e s  f o r  t he  conditions 

of i n t e r e s t .  

f o r  s te l lar  atmospheres. 

ing by H and H2, but  d id  not  include t r a n s l a t i o n a l  absorpt ion.  

are suppl ied by an admixture of e a s i l y  ionized metals (0.2% by number). 

ob ta in  opac i t i e s  f o r  the  atmosphere o f  J u p i t e r  by s l i g h t  ex t rapola t ion  of h i s  t ab le s .  

It appears t h a t  t h e  r a d i a t i v e  flux should considerably excsed 10 erg  em see 

along Peebles ' curve 5 f o r  an extended range below 1750 km depth (where t h e  pressure  

i s  3 x 10 

of a convective atmosphere should be reevaluated using opac i t i e s  which are more 

appropr ia te  ( inc luding  such th ings  as t r a n s l a t i o n a l  absorp t ion) .  A r e l a t e d  i n -  

ves t iga t ion  by Traf ton (1964) t r e a t s  t h e  upper atmosphere of J u p i t e r  ( p  /v 1 a t m ) .  

H e  f i n d s  t h a t  pressure induced and t r ans l a t iona l  absorption are s t rong  enough SO 

t h a t  30 km Am gives  = 3. H e  f inds t h a t  convection i s  l i k e l y  below t h a t  l e v e l .  

The only th ing  avai lable  a t  present  i s  a s tudy  by Vardya (1964) made 

H e  included absorpt ion by H- and H- and Rayleigh s c a t t e r -  2 

The f ree  e lec t rons  

One can 

4 -2 -1 

4 a t m  and t h e  temperature i s  390OOK). This suggests t h a t  t h e  assumption 
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111. STELLAR ATMOSPHERES 

A s  previously s t a t ed ,  the e lec t ronic  spectrum of H w i l l  be very hard t o  see  i n  2 

s te l lar  atmospheres, because t h e  cool  atmospheres containing H2 e m i t  very l i t t l e  l i g h t  

i n  t h e  extreme UV where t h e  spectrum i s  found. The ro ta t ion-v ibra t ion  spectrum, 

however, i s  found i n  the near  in f ra red  and can be s tudied  i n  cool  stars t f i t h  high 

reso lu t ion  spectrographs.  A t  t h i s  writ ing,  Spinrad ( 1964 a,b) has de tec ted  the  
ind O r i  

2-0 S (3 )  l i n e  i n  0 Cet and R Aql and the 2-0 $@) Ilne A i n  t h e  1 .2 micron region. 

2 
H abundances above the  photosphere a r e  es t imated very roughly t o  be 

A s  i n  t h e  case of planets ,  such measures may u l t imate ly  give good information on H 

abundance and on temperature. 

molecules/cm . 2 

2 

Erkovich ( 1960) made f u r t h e r  ca lcu la t ions  on t h e  quasimolecular ( H  + H)  absorpt ion 

which had been suggested by Wildt (1949). The problem w a s  discussed by Zwaan (1962), 

who appl ied it t o  t h e  s o l a r  atmosphere, f i nd ing  t h a t  H + H absorption should dominate 

t h a t  of t h e  metals i n  t h e  s p e c t r a l  region between 2400 a and 3000 8. 
came t o  s i m i l a r  conclusions, f inding t h a t  a discrepency i n  the  limb darkening be- 

yond 4800 g could be r e c t i f i e d  by t h e  inclusion of Erkovich's H + H ca lcu la t ions  

i n  t h e  opaci ty .  Fur ther  work by Matsushima and Terash i ta  (1964) demonstrated t h a t  

Stecher  ( 1  962) 

one can a t t a i n  exce l len t  agreement w i t h  observat ions at the  center  of the d i s k  i f  

one includes Erkovich's H + H opaci ty  and a l s o  me ta l l i c  continua, while models 

omitt ing these  opac i t i e s  gave f luxes  which were t o o  high i n  t h e  v i o l e t  and t o o  low 

at  longer  wavelengths. 

It might appear t h a t  theory and observation are i n  good agreement concerning the  

r o l e  of H + H absorpt ion i n  t h e  Sun. However, a paper by Solomon (1964a) has thrown 

t h e  whole quest ion open again.  According t o  t h i s  t h e o r e t i c a l  study, Erkovich used 

very u n r e a l i s t i c  molecular p o t e n t i a l s  in  der iving h i s  opac i t i e s .  Use of b e t t e r  
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p o t e n t i a l s  r e s u l t s  i n  a c ross  sec t ion  which i s  only 1% of Erkovich's, ma;king it of 

no importance i n  the  Sun. The resolut ion of t he  observat ional  discrepancy on the  

Sun i s  apparent ly  t o  be found elsewhere. Solomon goes on t o  say t h a t  t h e  r a t i o  of 

H + H t o  H- and t o  H opac i t i e s  i s  small a t  all re levant  pressures  and temperatures, 

and will probably no t  be important i n  any stars. 

Another phenomonon a t t r i b u t e d  t o  quasimolecular e f f e c t s  i s  the remarkable 

devia t ion  of the  f lux  of B stars from blackbody curves i n  t h e  region 1500 8 t o  

3000 a found by t h e  e a r l y  rocke t  experiments. Meinel (1963) pos tu la ted  t h a t  t h e  

+ inverse  process of quasimolecular absorption might be responsible ,  t h e  2 g 
2 molecules formed i n  a hot  atmosphere by c o l l i s i o n  of exc i ted  ( 2  S) H atoms and 

ground state ( 1  S) H atoms emit t ing a continuum v i a  a permitted t r a n s i t i o n  t o  t h e  

lowest t r i p l e t  s tate ( "s:). T h i s  continuum, known from laboratory s tudies ,  

2 

resembles i n  shape the  broad peak a t  about 2500 seen i n  the  B-star spec t ra .  

Two considerat ions now throw t h i s  suggestion i n t o  doubt. F i r s t ,  we have 

Solomon's ca lcu la t ions ,  which ind ica te  t h a t  t h e  H + H continuum i s  much weaker 

than previously supposed. 

(Stecher ,  1964b) which ind ica t e  t h a t  t h e  discrepancies  i n  t h e  e a r l i e r  r e s u l t s  do 

not  appear i n  a l l  B stars. It should be noted t h a t  t o  obtain an emission peak 

(Meinel) r a t h e r  than an absorpt ion a s  i n  t h e  Sun, one must pos tu l a t e  gross 

devia t ions  from LTE or a very s ign i f i can t  chromosphere which i s  h o t t e r  than t h e  

photosphere, or both.  Whether it i s  reasonable t o  suppose t h a t  a good f r a c t i o n  of 

t h e  l i g h t  of B stars can be  a t t r i b u t e d  t o  such phenomena i s  open t o  question i n  

any case .  

Second, we have new observat ional  d a t a  f o r  B stars 

Even i f  the  e f f ec t s  have not  yet been detected,  it i s  expected t h a t  H2 w i l l  

make s i g n i f i c a n t  cont r ibu t ions  t .o  the opaci ty  i n  cooler  stars. We have a l ready  
r 

mentioned t h e  ca lcu la t ions  by Vardya, which extend down t o  2500uK, and include 
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+ 

t h e  e f f e c t s  of H2 Rayleigh sca t t e r ing ,  H- f r e e - f r e e  absorption, azc? H2 bound- 

f r e e  and f r ee - f r ee  absorption. 

2 

Rayleigh s c a t t e r i n g  w a s  found t o  con t r ibu te  s i g n i f i c a n t l y  a t  temperatures near  

H- w a s  included using t h e  free-free c ross  sec t ions  za lcu la ted  by Somer- 2500°K. 

v i l l e  ( 1964a), which averaged about 1/3 of t h e  corresponding values f o r  H-. 

t o t a l  opaci ty  f o r  p 

H;, ca lcu la ted  from Bates ( 1952), was found t o  make minor cont r ibu t ions  (up t o  5% 

at  63OOOK) .  

contr ibuted s i g n i f i c a n t l y  i n  t h e  Sun. Prec i se  evaluat ion of t h e  e f f e c t s  of H 

are important because i n  l a t e - type  stars where H2 i s  dominant, t he  H- opaci ty  exh ib i t s  

a minimum at 1 .6  

peak a t  1.6 

those involving H2 or H- 

2 

The 

= 0.03 dynes and T = 300OoK w a s  increased 9% by H- 
e 2 '  

+ 
Simi lar  r e s u l t s  were found by Gingerich ( 1964), who found t h a t  H2 

2 

, not far f r o m t h e  Planck maximum.  This would l ead  t o  a sharp r 
i f  t h e  opaci ty  d i p  were not f i l l e d  i n  hy o the r  processes,  such a s  r- 

2' 

The ca l cu la t ions  of  Vardya ( 1960) g iv ing  ad iaba ts  covering t h e  range of 

i n t e r e s t  f o r  l a te  type stars, should permit accurate  convective zones t o  be 

e s t ab l i shed .  A s  he po in t s  out, however, t he re  are arlomolies i n  t h e  ca lcu la ted  

d i s soc ia t ion  f r a c t i o n s  owing t o  inadequate knowledge of t h e  thermodynamic func t ions  

of H2 at high temperatures.  

I V  . 1lVTmSTEL;LAR SPACE 

A t  t h i s  wr i t i ng  t h e r e  i s  s t i l l  no experimental proof t h a t  appreciable  amounts 

of H2 occur i n  i n t e r s t e l l a r  space. 

Gold, and Sa lpe te r  ( 1963) p r e d i c t  the H /H r a t i o  t o  be about un i ty  only within an 

unce r t a in ty  of a f a c t o r  of 10. 

Moreover, t h e  t h e o r e t i c a l  r e s u l t s  of Gould, 

2 
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It might be thought that rad ia t ive  assoc ia t ion  v i a  t h e  exothermic react ion,  

H + H 3 

a r e l a t i v e l y  s h o r t  t i m e .  Col l i s ions  between H atoms occur about every 10 seconds 

under t y p i c a l  condi t ions i n  i n t e r s t e l l a r  space, s o  t h a t  each atom has experienced 

some 3 x I O 9  c o l l i s i o n s  during t h e  l i fe t ime of t h e  Galaxy. 

about seconds, giving a t o t a l  durat ion of 3 x 10 seconds during which each 

atom is  i n  c o l l i s i o n .  

H2, would convert  any atomic hydrogen present  t o  t h e  molecular form i n  

8 

Each c o l l i s i o n  lasts 

-4 

If t h e  c o l l i s i o n  pa r tne r s  ( H  ( IS) + H ( I S )  ) form a 

s ta te  a t  l a r g e  separations,  an in f r a red  t r a n s i t i o n  down t o  a bound 'si 
v ib ra t iona l  l e v e l  of  the  same e lec t ronic  state can occur; however, t he  t r a n s i t i o n  

p robab i l i t y  i s  probably much less than t h a t  of t h e  1-0 t r a n s i t i o n  ( 1  0-7 sec-' ) 

because of unfavorable overlap of the  v i b r a t i o n a l  wave func t ions .  The chance f o r  

an atom t o  form a molecule t h i s  way is the re fo re  less than 3 x 10 over t h e  

e n t i r e  l i fe t ime of t h e  Galaxy. 

-1 1 

+ 
If t h e  c o l l i s i o n  pa r tne r s  form a zk state, t r a n s i t i o n s  t o  the ground 

e l ec t ron ic  s ta te  are permitted by a l l  s e l ec t ion  r u l e s  except 

As= 0 . A s  pointed out by Gould and Sa lpe te r  (1963), t h i s  r u l e  can be 

v io l a t ed  only by s i n g l e t - t r i p l e t  mixing. 

occur through t h e  spin-spin in te rac t ion  of t h e  

percentage of s i n g l e t  i n t o  t h a t  s t a t e ,  of order H JHo 

i s  t h e  f i n e  s t r u c t u r e  constant.  The square of t h e  d ipole  matrix element i s  there-  

fo re  reduced from t h e  value f o r  a permitted t r a n s i t i o n  by about 

A t  1OOoK, t h e  separat ion between t h e  two e l ec t ron ic  states a t  c l o s e s t  approach 

on t h e  repuls ive  curve corresponds t o  t h e  emission of a photon near 100 

giving a t r a n s i t i o n  p r o b a b i l i t y  of order 

than t h a t  of t h e  quadrupole process, it s t i l l  l eads  t o  am ove ra l l  p robab i l i t y  of 

only 3 x 1 O-7q We conclude t h a t  arguments f o r  H2 abundance based on equation ( 53), 

According t o  Sect ion V I I I ,  t h i s  can 

state, which admixes a zL 
'v d- , where d 

d' = 

sec-'  . Although t h i s  i s  much l a r g e r  
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such as t h a t  of Zwicky (1959), cannot be t r u s t e d  unless  a much faster  process  

can be found. 

It might be thought t h a t  H and D could undergo r a d i a t i v e  assoc ia t ion  more 

e a s i l y  because HD possesses a small dipole  moment. Since t h e  1-0 band of HD 

i s  about 200 t i m e s  s t ronger  than t h a t  of H t h e  o v e r a l l  p robab i l i t y  of r a d i a t i v e  2’ 

a D atom with a passing H a tom might 

The rate of assoc ia t ion  through t h e  

po in t  out  t h a t  H could form on t h e  2 

4- 
assoc ia t ion  through t h e  ‘5,2 state of 

be r a i sed  t o  6 x - s t i l l  negl ig ib le .  
+ 3T,(41 state  i s  unchanged. 

Van de Hulst  ( 1948) w a s  t h e  f i r s t  t o  

sur faces  of i n t e r s t e l l a r  g ra ins  . If  H-atoms s t r i k i n g  a g ra in  r e a d i l y  s t i c k  

t o  it f o r  a considerable period, a l aye r  of atoms i s  b u i l t  up s o  t h a t  from t i m e  

t o  t i m e  atoms come i n t o  c lose  contact with each o ther .  Formation of H i s  then  

possible ,  t h e  energy released going p a r t l y  i n t o  heat ing t h e  g ra in  and p a r t l y  

i n t o  e j e c t i n g  t h e  newly formed molecule from t h e  sur face .  McCrea and McNally 

( 1960) ca lcu la ted  t h e  expected ra te  o f  formation of H 

space on t h e  assumption t h a t  t h e  recombination coe f f i c i en t  d (defined as t h e  

p robab i l i t y  t h a t  an atom s t r i k i n g  a gra in  would leave as a molecule) i s  un i ty .  

This assumption has been c a r e f u l l y  studied by Gould and Sa lpe ter  ( 1963), who f i n d  

t h a t  it i s  cor rec t  provided t h a t  t h e  g ra in  temperature i s  g r e a t e r  than T 

temperature below which H2 molecules 

c a t a l y t i c  p rope r t i e s ) ,  but l e s s  than T 

evaporated before undergoing react ion t o  form Hs) . 
temperatures ca lcu la ted  (7-15OK f o r  T 

of i n t e r s t e l l a r  space according t o  t h e i r  ca lcu la t ions ,  so  t h e  value of 

averaged over considerable regions of  space should exceed 0.1.  This corresponds 

t o  an average input  of 4 x 10 H molecules per  em pe r  see i n  clouds, i f  a 

2 

molecules i n  i n t e r s t e l l a r  2 

( t h e  
C 

would be absorbed on t h e  surface,  destroying 

m ( t h e  temperature a t  which H atoms are 

Fortunately,  t he  range of 

9-21°K f o r  Tm) i s  o f t en  met i n  regions 
C’ 

-1 6 3 
2 
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t y p i c a l  cloud densi ty ,  i s  taken. Thus the  cloud i s  on i t s  way t o  

9 8 complete conversion i n  10 years .  If d i s  uni ty ,  10 years  a r e  required.  If 

t h e  cloud undergoes an ad iaba t i c  c o l l i s i o n  with another  cloud, t h e  formation r a t e  

i s  increased as much as a f a c t o r  of 100 because of the  increased dens i ty  and 

thermal speed behind the  ensuing shock waves, as pointed out by McCrea and McNally. 

This  would r e s u l t  i n  complete conversion i n t o  H i n  s eve ra l  mi l l ion  years ,  approxi 

mately equal t o  the  dynamical time sca le .  

f l ~  = 10 

2 

If t h e  hea t  of formation of t h e  molecule i s  l a r g e l y  t r a n s f e r r e d  t o  the  g ra in  

a t  the  moment of formation (as  i s  sometimes supposed), one f i n d s  t h a t  a small 

temperature r i s e  f o r  t he  g ra ins  is  s u f f i c i e n t  t o  d i s s i p a t e  t h e  energy as in f r a red  

r ad ia t ion .  

If t h e  heat  of formation i s  l a r g e l y  t r a n s f e r r e d  i n t o  t r a n s l a t i o n a l  energy 

of t he  new molecule, t h e  energy input t o  the  gas i s  2.2 x 10 ergs  per  gram - 
s e v e r a l  times g rea t e r  than t h a t  owing t o  t h e  cloud c o l l i s i o n  i t s e l f .  One might 

t h i n k  t h a t  t h i s  energy input  during the  compression phase of t h e  c o l l i s i o n  would 

l ead  t o  explosive reexpansion of t h e  cloud. 

be quickly t ransmit ted t o  v i b r a t i o n a l  e x c i t a t i o n  of o the r  molecules, with sub- 

sequent i n f r a red  emission, the temperature r i s e  of t h e  gas being thereby l imi t ed .  

Deta i led  treatment of t h e  problem has not  ye t  been made. It should be noted t h a t  

once t h e  conversion t o  H has occurred, t he  heat  of formation i s  not ava i l ab le  

again u n t i l  t h e  molecules have been d issoc ia ted  again by some ex te rna l  agency. 

12 

Actually,  t h e  energy will probably 

2 

S p i t z e r  (1948) pointed out t h a t  an H2 molecule i s  shielded i n  i n t e r -  

s t e l l a r  space from des t ruc t ion  

tinuum of atomic H, s i nce  t h e  l a t t e r  s tar ts  a t  13.6 eV while t h e  photodissociat ion 

continuum of H b e g i n s ’ a t  14.7 eV and the photoionizat ion continuum of H begins 

a t  15.6 eV ( s e e  Figure 2 ) .  

reg ions  around hot stars, within which t h e  ion iza t ion  of H i s  s u b s t a n t i a l l y  

by s t e l l a r  r a d i a t i o n  by t h e  photoionizat ion con- 

2 2 

The photoionization of H l eads  t o  well-defined H I 1  
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complete and t h e  opaci ty  t o  photons with energies  g r e a t e r  than 12.6 eV i s  

r e l a t i v e l y  small. Hence an H molecule can be d issoc ia ted  o r  ionized only if it 2 

f inds  i t s e l f  i n  an H I 1  region. 

and Sa lpe te r  (1963), who assumed t h a t  i n t e r s t e l l a r  clouds could be v isua l ized  

as p a r t i c l e s  moving a t  random i n  a volume p a r t l y  occupied by ionizing r ad ia t ion .  

Their  r e s u l t  i s  t h a t  an H2 molecule will be d issoc ia ted  about 10 

it i s  formed on t h e  average, by v i r t u e  of an encounter of t h e  cloud which it i s  

i n  with an H I 1  region. This number i s  no t  t o  be taken very ser iously,  however, 

as t h e r e  are severa l  complex phenomena involving t h e  in t e rac t ion  of the high 

pressure  H I 1  regions wi th  t h e  neighboring H I  clouds which have not  been taken 

i n t o  account. 

competitive with encounters with H I 1  regions as desdxuction mechanisms. Gould 

and Sa lpe ter  revised an earlier estimate of Kahn's (1955) f o r  t h e  d i s soc ia t ion  

by r a d i a t i v e  exc i t a t ion  of t h e  repuls ive 

This process has been analyzed by Gould, Gold, 

a years a f t e r  

Furthermore, t he re  are a number of processes which could be 

3 +  10 %&state, t o  a l i fe t ime of 10 years .  

Malv i l le  (1964) estimates t h a t  t h e  forbidden t r a n s i t i o n s  t o  t h e  'T, 

may occur faster, leading t o  d issoc ia t ion  through t h e  r e l a t i v e l y  rapid t r a n s i t i o n  

state 

3 -h. -' 3 5 L  . D r .  P. Solomon (196413) has suggested 

t h e  p o s s i b i l i t y  t h a t  t r a n s i t i o n s  t o  the '3% 
t r a n s i t i o n s  t o  t h e  v ib ra t iona l  continuum of the  ground state, may be e f f e c t i v e  

i n  s p i t e  of small Franck-Condon fac tors .  Calculations f o r  t h e  l a t te r  process 

have no t  been c a r r i e d  out, but it seems probable t h a t  t h e  l i f e t ime  of He aga ins t  

t h i s  process  may be sho r t e r  s t i l l .  

state, followed by permitted 

If t h e  ca lcu la t ions  of Gould, Gold, and Sa lpe te r  are cor rec t ,  t he  t i m e  scales 

f o r  a s soc ia t ion  and d isassoc ia t ion  a re  comparable, s o  t h a t  one expects t h a t  t h e  

H2/ H r a t i o  w i l l  vary dramatical ly  f r o m  cloud t o  cloud, being g rea t e r  than 1 f o r  

clouds which have not encountered an H I 1  region r ecen t ly  ("old" molecules) and 
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less  than 1 f o r  those which contain "young" molecules. 

average of H /H i s  probably between 0.1 and 10, according t o  these  authors .  2 

The necessary u l t r a v i o l e t  and inf ra red  observations t o  e s t a b l i s h  t h i s  r a t i o  

observat ional ly  are eagerly awaited. Not only i s  one i n t e r e s t e d  i n  t h e  mean 

value of t h e  r a t i o ,  but a l s o  i n  measurements on ind iv idua l  clouds.  

evidence i s  accumulating t h a t  about 10% of all clouds have r ecen t ly  enoountered 

an H I 1  region.  

away from an HI1 region) and by abnormal o p t i c a l  p rope r t i e s  which may be due t o  

modification of t he  assoc ia ted  i n t e r s t e l l a r  gra ins  by in tense  r ad ia t ion  f i e l d s ,  

should contain l i t t l e  H 

t h i s  problem. 

Hence t h e  ove ra l l  

For example, 

These clouds, dis t inguished by high ve loc i ty  (o f t en  d i r ec t ed  

High spec t r a l  reso lu t ion  w i l l  be necessary t o  study 2' 

The degree of e lec t ronic ,  v ibra t iona l ,  and r o t a t i o n a l  exc i t a t ion  is ,  l i k e  

It t h e  abundance of H2, determined by s t a t i s t i c a l  equi l ibr ium considerat ions.  

i s  usua l ly  assumed t h a t  e l ec t ron ic  exc i ta t ion  i s  negl ig ib le  i n  view of t he  s h o r t  

l i f e t i m e  of t h e  e l ec t ron ic  l e v e l s  and the  comparative weakness of exc i t a t ion  

processes .  A possible  exception i s  the  C3rhs ta te ,  which i s  metastable with 

respec t  t o  t r a n s i t i o n s  t o  t h e  repuls ive 3 3% state ( se l ec t ion  r u l e  [44] ) and 

t o  the  a t t r a c t i v e  ' 2, state ( se l ec t ion  rule [39] ) - Lichten ( 1960) has shown t h a t  

t h e  l i f e t ime  of the  cSTxstate i s  about seconds i n  the  labora tory .  Herbig 

(1963) has suggested t h a t  absorptions from t h i s  s t a t e  t o  higher states might be 

respons ib le  f o r  t h e  d i f f u s e  i n t e r s t e l l a r  l i n e  a t  4430a, t he  d i f f u s e  character  of 

t h e  l i n e  being due t o  per turba t ions  of the  molecular l e v e l s  by t h e  gra ins  on 

which t h e  molecules were assumed t o  be loca ted .  Since about 

molecules would have t o  be i n  the  C v .  s t a t e  t o  account f o r  t h e  s t rength  of 

A4430 (even assuming H /H 

10 secands.  

of t he  H2 
-3 

1 ) ,  the state would have t o  be exc i ted  about every 
2 

5 Herbig f a i l e d  t o  f i n d  any exc i t a t ion  process more frequent  than. 
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every 10" seconds. Malvi l le  ( 1964) has confirmed t h i s  r e s u l t ,  point ing out t h a t  

c 

i f  t h e  molecules were loca ted  on t h e  surface of a gra in ,  t h e  l i f e t i m e  of the  

3 c Kk state might no t  even be as grea t  as see,  leading t o  even smaller pop- 

u l a t i o n s  than Herbig found. 

Vibra t iona l  exc i t a t ion  within the '5; ground s ta te  i s  subjec t  t o  the  

6 7 cons t r a in t  t h a t  t y p i c a l  r ad ia t ive  l i f e t imes  are o f  t h e  order  10 - 10 seconds, 

( A  [ 1-0 S (0)) Although mole- = 2.9 x see-' from Table 2, f o r  example.) 

cu les  may be v ib ra t iona l ly  exc i ted  at t h e  time of formation, the f r a c t i o n  which 

remain s o  a t  any time i s  negl ig ib le  s ince formation proceeds on a much longer time 

s c a l e  

Co l l i s iona l  exc i t a t ion  i s  negl ig ib le  in s ide  cool  clouds ( T  N IOOOK) s ince  

E ( v  = 1 ) / k = 63OOOK.  

c o l l i s i o n s  of clouds, where T = 5000 K and % = 40 cm-3 might be t y p i c a l  values, 

t h e  rate of exc i t a t ion  i s  higher .  No d m b t  c o l l i s i o n s  with atoms and molecules 

I n  t h e  heated regions behind t h e  shocks formed by 

0 

would be  e f f ec t ive ,  bu t  no d a t a  on cross sec t ions  seem t o  be ava i l ab le .  Even t h e  

small number of f ree  e lec t rons  present i n  such a hot  H I  region would exc i t e  a l l  

-1 
r o t a t i o n a l  l e v e l s  of  t h e  

according to Takayanagi and Nishimura ( 1960) . 
Iv" = 1 l e v e l  a t  a rate equal t o  1 .4 x I O 1 *  see , 

Although t h e  equi l ibr ium population 

of t h e  v = 1 l e v e l  i s  s t i l l  very small, t h e  near i n f r a red  quanta which would be 

emit ted as a result may be detectable ,  providing a t o o l  by which t o  seek out h o t  

clouds.  

Radiat ive exc i t a t ion  via resonant fluorescence proceeds i n  t h e  neighborhood of 

s ta te  which e m i t  apious u l t r a v i o l e t  rad ia t ion .  

l i n e  absorpt ion i n  t h e  Lyman ( b zw - X ' T ,  

band systems (much of which are longward of t h e  Lyman l i m i t )  e x c i t e s  t he  molecule 

According t o  Osterbrock ( 1962), a 

I +  -k t + 
) o r  Werner ( c ST - x ) 

e lec t ron ica l ly ,  a f t e r  which it decays i n t o  one o f  t h e  v i b r a t i o n a l l y  exci ted l e v e l s  
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of t h e  ground state.  

the  Franck-Condon f ac to r s  f o r  t h e  t r a n s i t i o n s  i n  question. Since t h e  rate of 

exc i t a t ion  may a t t a i n  10 see , one might bu i ld  up an exci ted population of t h e  

order  of I O m 3  i n  t h i s  way, but  as Osterbrock poin ts  out, t h i s  a c t i v i t y  w i l l  be 

confined t o  t h e  immediate v i c i n i t y  of ho t  stars, where t h e  o p t i c a l  depthsir, 

t h e  H resonance l i n e s  a re  not  too  great .  

The d i s t r ibu t ion  over these  states could be  determined by 

-1 0 -1 

2 

Col l i s iona l  r o t a t i o n a l  exc i ta t ion  wi th in  the  v ib ra t iona l  ground s t a t e  i s  

r a t h e r  rapid a t  t h e  temperatures of ordinary cool  clouds, E/k being 516OK fo r  

K = 2. 

as d i s t i n c t  species,  with t r a n s i t i o n s  between them completely forbidden. Newly 

formed molecules might be  expected t o  be  i n  t h e  ground r o t a t i o n a l l e v e l  and 

the re fo re  para  - H2, s ince  t h e  g ra in  temperature i s  only about 10 K .  

authors have assumed t h a t  t h i s  i s  t h e  case and t he re fo re  t h a t  only para  - 

i s  present  even when t h e  molecule i s  exci ted t o  higher  r o t a t i o n a l  l e v e l s .  

Most authors have t r e a t e d  parahydrogen ( K  even) and orthohydrogen ( K  odd) 

0 Most 

H2 

This  assumption may be incor rec t .  According t o  Gould and Sa lpe ter  (1963), 

hydrogen atoms trapped a t  var ious l a t t i c e  s i t e s  on the  surface of t h e  g ra in  

d i f fuse  quantum mechanically t o  neighboring s i tes  where other  H atoms may be 

loca ted .  From t i m e  t o  t i m e  two atoms approach close enough f o r  t h e  a t t r a c t i v e  

p o t e n t i a l  t o  become e f f ec t ive  ( i n  t h e  1/4 of t h e  cases which are ' 5,; 
e lec t ron  sp in  s i n g l e t ) .  

'cy re leased  being t ransmit ted t o  t he  c r y s t a l  l a t t i c e .  This  energy (4.5 e V )  i s  fa r  

g r e a t e r  than t h a t  needed t o  exc i t e  the lower v ib ra t iona l  and r o t a t i o n a l  s t a t e s ,  so  

t h a t  f o r  a b r i e f  period, a t  least, the new molecules may be v ib ra t iona l ly  and 

r o t a t i o n a l l y  exc i ted .  It  seems reasonable t o  assume tha t ,  t he  various r o t a t i o n a l  

l e v e l s  i n  p a r t i c u l a r  w i l l  be populated i n  proportion t o  t h e i r  s t a t i s t i c a l  weights 

alone, s o  t h a t  or tho -H 

This po ten t i a l  draws the  atoms together ,  the  energy there-  

(nuc lear  spin t r i p l e t )  w i l l  be 3/4 of t h e  t o t a l ,  and 2 
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para  - H ~  ( s i n g l e t )  only I /4. 

It i s  not c l e a r  how w e l l  t h e  exc i ta t ion  energy w i l l  be t ransmit ted t o  t h e  

If it i s  t ransmit ted r e l a t i v e l y  w e l l ,  t h e  molecule w i l l  quickly drop c r y s t a l .  

i n t o  the  lowest permitted r o t a t i o n a l  and v ib ra t iona l  l eve l  - v = 0, K = 0 f o r  t he  

para  - H2, and v = 0, K = 1 f o r  t h e  ortho - Hg. 

populated r e l a t i v e  t o  t he  Boltzmann population a t  10 K, molecules i n  K = 1 

cannot drop down t o  K = 0 rad ia t ive ly  ( see  below). The only w a y  they  can make 

such a t r a n s i t i o n  i s  through mixing of t h e  or tho and pa ra  states by per turbing 

fo rces  such as might o r ig ina t e  i n  the c r y s t a l  l a t t i c e .  For example, a n e a r w  

paramagnetic par t ic le  can have t h i s  e f f e c t .  Therefore, i f  t h e  heat of formation 

i s  easily t ransmit ted t o  the grain,  t h e  f r a c t i o n  of or tho - H which f i n a l l y  

evaporates from t h e  g ra ins  w i l l  be 3/4 i f  t h e  per turba t ions  by t h e  l a t t i c e  

are t o o  weak t o  e f f e c t  ortho-para conversion, but w i l l  be neg l ig ib l e  i f  t he  

l a t t i c e  per turba t ions  are s t rong .  

Even though K = 1 i s  over- 

0 

2 

If t h e  heat  of formation i s  no t  e a s i l y  t ransmit ted t o  the  gra in ,  t h e  

v i b r a t i o n a l  energy of t h e  new molecules may be enough t o  overcome t h e  binding t o  

t h e  g ra in  i n  a very shor t  t i m e ,  so t h a t  t h e  molecules leave t h e  gra in  with con- 

s ide rab le  exc i t a t ion .  

w i l l  quickly br ing  t h e  molecules t o  v = 0, with 1/4 i n  K = 0 and 3/4 i n  K = 1 .  

Fur ther  decay t o  K = 0 i s  s t r i c t l y  forbidden ( see  below). 

assumption that  new molecules a r e  a l l  pa ra  -H2 i s  j u s t i f i e d  only i f  it can be 

shown t h a t  energy accomodation t o  the g ra in  i s  complete and t h e  g ra in  l a t t i c e  

per turba t ions  can cause ortho-para conversion i n  the  t i m e  ava i l ab le .  

I n  t h i s  case emission of v ib ra t iona l  and r o t a t i o n a l  quanta 

I n  summary, t h e  

The f i r s t  ca l cu la t ion  of t h e  expected degree of r o t a t i o n a l  exc i t a t ion  of 

(assumed) para  -H i n  i n t e r s t e l l a r  clouds w a s  ca r r i ed  out by S p i t z e r  ( 1949). 

H e  formulated the  s i t u a t i o n  as a balance among c o l l i s i o n a l  exc i t a t ion  and de- 

e x c i t a t i o n  processes,  and r a d i a t i v e  deexci ta t ion .  

2 

The r a d i a t i v e  rates (Eins te in  A ' s )  
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depend on t h e  quadrupole moment of the molecule averaged over t h e  v = 0 v ibra-  

t i o n a l  wave function, and were given e x p l i c i t l y  as 

(59) 
-1 1 -1 

amounting t o  2.4 x 10 sec f o r  t h e  K = 2 -7 0 t r a n s i t i o n .  (These values 

would be  s l i g h t l y  modified i f  t h e  new quadrupole moments ca lcu la ted  by Kolos and 

Roothan, 1960, were t o  be used) .  The c o l l i s i o n a l  r a t e s  were only estimated by 

Sp i t ze r .  This def ic iency  has now been remedied by Takayanagi and Nishimura ( 1960), 

who have ca lcu la ted  c o l l i s i o n a l  exc i t a t ion  c ross  sec t ions  for H-H c o l l i s i o n s  2 

over a wide range of temperature. A t y p i c a l  exc i t a t ion  rate w a s  1 .4 x 10 -9 
-1 see 

solved t h e  r a t h e r  involved s t a t i s t i ca l  equi l ibr ium equations f o r  a l l  l e v e l s  up 

t o  K = 8 (E/k = 6200'~) for % = 0.1 t o  100 and f o r  T from 200 t o  50OOOK. 

The r e s u l t s  permit one t o  ca l cu la t e  t h e  energy l o s t  from t h e  gas  by emission of 

( p e r  u n i t  H dens i ty)  f o r  K = 0 J 2 a t  5OOOOK. They a l s o  e x p l i c i t l y  

r o t a t i o n a l  quanta. The r e su l t i ng  curves are shown i n  Figure 9, and are funda- 

mental t o  the  study of  t h e  cooling of i n t e r s t e l l a r  matter. 

2 A s  mentioned previously,  these  ca lcu la t ions  were c a r r i e d  out f o r  para -H 

alone, an assumption which may not be co r rec t  i n  view of t he  mode of formation. 

Fur ther  doubt i s  t,hrown on t h i s  assumption by Takayanagi and Nishimura, who 

po in t  out  t h a t  t h e  atomic exchange react ion,  
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can go f a i r ly  r ap id ly  i n  hot  clouds where t h e  atoms have enough energy t o  over- 

come a b a r r i e r  involved i n  the react ion.  

process goes a t  a rate approximately equal t o  1 .9 x 10 

per  u n i t  H densi ty ,  so t h a t  t h e  e - folding time f o r  para-ortho conversion i n  

a cloud with % = 10 cmm3 i s  500 years a t  30OO0K, 3000 years  a t  1000°K, and 

4 mil l ion  years  a t  300°K. 

c o l l i s i o n s  even approaches 1000 K , 
i n  t he  mi l l ion  years or so  t h a t  t h e  temperature endures. 

would be needed t o  e s t a b l i s h  t h e  para-ortho abundance r a t i o ,  and i t s  e f f e c t  

on t h e  cooling rate.  Presumably the  q u a l i t a t i v e  e f f e c t  w i l l  be t o  diminish 

t h e  cooling rate, s ince  the lowest energy or tho -H r o t a t i o n a l  t r a n s i t i o n ,  

K = 1 

According t o  Shavi t t  (1959), t h e  

-1 1 -1 
e q  (-3000/T) see 

It appears t h a t  i f  t h e  temperature i n  clouds following 

0 considerable or tho -H w i l l  be generated 

Detai led ca lcu la t ions  

2 

2 
0 

--3 K = 3 has E/k = 860 K. 

We may b r i e f l y  mention a modification of Takayanagi and Nishimura's 

ca l cu la t ions  proposed by Gould and Sa lpe ter  (1963) .  

brock (1962) i n  assuming t h a t  the  r ad ia t ive  t r a n s i t i o n  K = 2 -7 K = 1, i n -  

volving an ortho-para conversion, i s  much faster than t h e  K = 2 -7 K = 0 

quadrupole t r a n s i t i o n .  

t o  K = 2 would always be  e f f e c t i v e  i n  cooling t h e  gas, whereas T&ayanagi and 

Nishimura's ca lcu la t ions  f o r  % = I O  cm-3, say, showed t h a t  using t h e  l a r g e r  

r a d i a t i v e  l i f e t i m e s  l e d  t o  decreased cooling s ince many c o l l i s i o n a l  exc i t a t ions  

would be followed by c o l l i s i o n a l  deexci ta t ion.  

decrease a t  1000% e 

of a high 2 -3 1 rate i s  incorrect ,  so  t h a t  Takayanagi and Nishimura's 

ca l cu la t ions  are more near ly  correct  than Gould and S a l p e t e r ' s  i n  t h i s  respec t .  

They followed Oster- 

This would have t h e  e f f e c t  t h a t  c o l l i s i o n a l  exc i t a t ions  

The e f f e c t  i s  a f a c t o r  of f i v e  

A s  we  s h a l l  discuss below, however, Osterbrock' s assumption 

Detect ion of i n t e r s t e l l a r  H2 can i n  p r i n c i p l e  be e f f ec t ed  through the  

e l ec t ron ic ,  v ib ra t iona l ,  o r  ro t a t iona l  t r a n s i t i o n s .  All t h ree  ha.ve been 
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discussed i n  t h e  l i terature .  

and Zabriskie  ( 1959), Spi tzer ,  Dressler, and Upson ( 1965) have discussed i n  

Following a prel iminary comunicat ion by S p i t z e r  

d e t a i l  t h e  expected i n t e r s t e l l a r  absorption spectrum of H Using Franck- 

Condon f a c t o r s  for t h e  

Nicholls,  they cmpute  curves of growth f o r  t h e  0-v R ( 0 )  l i n e s ,  where v i s  

between 0 and 13. It i s  found that t h e  0-1 (h1092) and 0-4 (h1049) l i n e s ,  

2' 

Lyman band computed by R.W. 
I +  

)(.'%; - b s w  

which should be r e l a t i v e l y  unobscured by s te l lar  f ea tu res ,  should be measurable 

i n  t h e  star a t  100 pc even i f  H /H i s  only 

range (0.1 t o  I O )  would give highly sa tura ted  l i n e s ,  making observations of a 

Values of H /H i n  the expected 2 2 

v a r i e t y  of l i n e s  of var ious degrees of s a tu ra t ion  necessary t o  obtain r e l i a b l e  

abundance estimates. 

de tec t ion  of much weaker f ea tu res ,  such as those or ig ina t ing  on exci ted r o t a t i o n a l  

l e v e l s  o r  i n  t h e  i so top ic  molecule HD. Such measurements would give information 

about temperature and HD abundance. It i s  an t i c ipa t ed  t h a t  an u l t r a v i o l e t  

spectrograph of t h e  required resolut ion w i l l  be flown i n  the  t h i r d  Orbi t ing 

Astronomical Observatory. 

On the  o ther  hand, values of H2/H near un i ty  would permit 

Vibra t iona l  t r a n s i t i o n s  may be observable i n  t h e  near i n f r a red  region.  

Gould and Harwit (1963) have calculated t h a t  t h e  i n t e n s i t y  of 1-0 v i b r a t i o n a l  

(K = 3 -7 I) should b e  de t ec t ab le  emission a t  2.22 ( K  = 2 3 0) 

wi th  present  techniques even at the  ground. Their  i n t e n s i t y  estimates are based 

on f luorescent  exc i t a t ion  of v = 1 by u l t r a v i o l e t  l i g h t  i n  t h e  v i c i n i t y  of hot  

stars i n  Orion. The mechanism has been discussed above. They poin t  out t h a t  the  

number of i n f r a red  quanta received probably depends more on the i n t e n s i t y  of 

stellar u l t r a v i o l e t  l i g h t  in  the  Lyman and Weiner bands than on t h e  number of 

molecules, s ince each W quantum gives r ise  t o  a f ixed  number of i n f r a r e d  quanta, 

t h e  dens i ty  of molecules a f f ec t ing  only t h e  geometrical  l oca t ion  of t h e  fluorescence.  

ana 2*12r r 
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An add i t iona l  source of v i b r a t i o n i l  exc i t a t ion  i s  t h e  c o l l i s i o n s  of clouds, which 

hea t  t h e  gas t o  the  poin t  t h a t  c o l l i s i o n a l  exc i t a t ion  is  qu i t e  rap id .  No ca lcu la-  

t i o n s  have been made of t h e  expected i n t e n s i t y  from hot  clouds.  It i s  poss ib le  

t h a t  such clouds would be character ized by a v ib ra t iona l  exc i t a t ion  r a t e  comparable 

t o  that by fluorescence,  p a r t i c u l a r l y  if  atom-molecule c o l l i s i o n s  are included. 

Rotat ional  quarita i n  t h e  far inf ra red  could a l s o  be observed i n  p r inc ip l e .  

Most of t hese  would be obscured by t h e  atmospheric absorpt ion bands which pre-  

v a i l  i n  t h e  10-100 

a t  12 and 9.5 

proposed searching for t h e  84.4 

There is  no doubt t h a t  t h i s  l i n e  would be s t rong i f  it were permit ted by the  

s e l e c t i o n  r u l e  (43),  s ince  t h e  exc i ta t ion  energy i s  only E/k = 172OK. 

g ives  a t r a n s i t i o n  p r o b a b i l i t y  of 10-l' sec 

region, although t h e  K = 4 4 2 and K = 5 3 t r a n s i t i o n s  r- 
r e spec t ive ly  might be de tec tab le  fram t h e  ground. Zwicky (1959) 

l i n e  from t h e  K = 1 -7 0 t r a n s i t i o n .  
f- r- 

Zwicky 

-1 f o r  t h e  1 -7 0 t r a n s i t i o n  - 
-1 

l a r g e r  than the  2.4 x sec f o r  t he  2 0 quadrupole t r a n s i t i o n .  He 

apparent ly  bases t h i s  es t imate  on a remark by Wigner quoted by Bonhoeffer and Har- 

t e c k  (1929) e 

es t imate  w a s  meant t o  be an upper l i m i t  t o  A ( 1  + 0 ) .  

Reference t o  t h e  o r i g i n a l  paper shows, however, t h a t  Wigner's 

I n  a r r iv ing  a t  t h a t  

upper l i m i t ,  Wigner i n  e f f e c t  assumed t h a t  t h e  nuclear 

states are mixed by per turba t ions  o f  t h e  order of 

p r o p r i a t e  for nuclear  sp in  - electron o r b i t  coupling. 

i n  t h e  ground state ( $ = 0 , = 0 ) a r e  much smaller,  of order 

sp in  s i n g l e t  and t r i p l e t  

(equation 1463 ) ap- r M P 0  
The a c t u a l  per turba t ions  

, and consequently the  a c t u a l  value of A ( 1  4 0) i s  very 

-1 
/: 

much smaller than 1 0-1 sec . Raich and Good (1964) have ca r r i ed  through a 

d e t a i l e d  ca l cu la t ion  and f i n d  that A ( 1  -7 0) = 7.4 x 10 sec , far too 

/ i s  inva l id ;  

small t o  l ead  t o  a de tec t ab le  84.4 

brock ' s  suggestion t o  search f o r  the 2 -7 1 l i n e  a t  42.4 

A ( 2  -7 1 )  = 8.5 x 

-2 1 -1 

emission. For t he  same reason, Oster- P 
sec - l '  
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, 

, which proceeds 

with A = 2.4 x IO see , and possibly higher l i n e s  with A K = 2. One 

might suppose on t h e  bas i s  of equation (59) t h a t  going 

l i n e s  would be  advantageous, s ince  A increases  r ap id ly  with K.  

( 2  -3 C )  i s  already comparable with t h e  rate of c o l l i s i o n a l  exc i t a t ion  under 

t y p i c a l  i n t e r s t e l l a r  conditions,  s o  the production of r o t a t i o n a l  quanta i s  i n  

p rac t i ce  l imi t ed  by t h e  ra te  of co l l i s iona l  exc i t a t ion .  

( 1961 ) have ca lcu la ted  t h a t  t h e  expected 2 8 7 # t ~ g  a t  t h e  top  of t h e  atmosphere 

i s  8 x 

t h i s  amount i s  t o o  small t o  de t ec t  with present  techniques.  It appears t h a t  

u l t r a v i o l e t  techniques o f f e r  t h e  bes t  opportunity of de tec t ing  i n t e r s t e l l a r  

H at t h e  present  time. 

/- This leaves t h e  2 + 0 quadrupole l i n e  a t  28.2 

-1 1 -1 

t o  higher r o t a t i o n a l  

However A 

Takayanagi~and Nishimura 

-1 n (H ) erg  em-' see s te r - I  i n  t h e  g a l a c t i c  plane.  It seems t h a t  2 

2 

We f i n a l l y  consider t h e  r o l e  of H i n  star formation. McCrea and McNally 2 

(1960) po in t  out t h a t  t h e  e a r l i e s t  s tages  of condensation of i n t e r s t e l l a r  

matter t o  form stars, H -7 H2 very r ap id ly  for t o t a l  d e n s i t i e s  above lo3  

owing t o  t h e  g r e a t l y  increased rate of recombination on gra ins  above I O 3  emm3, 

so t h a t  t h e  l a te r  s tages  of condensation are concerned mainly with molecular 

hydrogen. Gaustad ( 1963) has s tudied t h e  cont rac t ion  t o  d e n s i t i e s  and tempera- 

t u r e s  such t h a t  H i s  dissociated,  and f inds  that f o r  a p ro tos t a r  of one s o l a r  

mass, t h e  dpaci ty  of He molecules (as w e l l  as a l l  o ther  opac i t i e s )  i s  too  s m a l l  

t o  prevent f ree- fa l l  co l lapse  beyond the  H2 - d i s soc ia t ion  poin t  through t h e  

confinement of compressional energy and bu i ld  up of gas pressure .  Less massive 

s%ars aay  be inh ib i t ed  by pressure bu i ld  up i n  the  e a r l i e r  phase where i n t e r -  

s te l la r  g ra ins  are t h e  opaci ty  source, but f r e e - f a l l  through the region where 

H provide %he opaci%y is  indicated.  

2 

2 

2 Cameron ( 1962) has considered t h e  co i t r ac t ion  beyond t h e  poin t  where H 

begins t o  d i s soc ia t e .  H e  shows t h a t  enough energy can be absorbed by the  

r o t a t i o n a l  and v ibra t iona l  degrees of freedom of t h e  molecules, and by t h e i r  
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dissoc ia t ion ,  t o  permit f ree- fa l l  f r o m  a rad ius  of about 109 AU (which i s  reached 

i n  f ree- fa l l  according t o  Gaustad). 

u n t i l  t h e  temperature has been raised enough t o  ion ize  f i r s t  H and then He,  

which absorbs enough energy t o  permit contract ion t o  0.2 AU. Hence, taken 

together ,  t h e  work of McCrea and McNally, Gaustad, and Cameron ind ica t e s  t h a t  

t h e  e n t i r e  col lapse of a cloud from about 1 pc t o  1 AU rad ius  can take p lace  i n  

f ree-fal l ,  H exhib i t ing  s u f f i c i e n t  transparency i n  t h e  early s tages  and s u f f i c i e n t  

hea t  capac i ty  ( including d issoc ia t ion)  i n  t h e  l a t e r  s tages ,  t o  prevent t he  bui ld-  

up of pressure t h a t  would be needed t o  slow down t h e  co l lapse .  

r o t a t i o n a l  and magnetic forces  can be important i n  t h e  process of cont rac t ion  t o  

form stars. The s tud ie s  s o  far ind ica te  t h a t  t hey  must dominate pressure  forces  

i f  t h e  contract ion i s  t o  devia te  from free f a l l .  

Furthermore, the f r e e - f a l l  i s  not  ha l t ed  

2 

O f  course, 
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PART C 

SPECTROSCOPICALLY DETERMINED TERM VALUES 

AND TRANSITIONS I N  H2 

by 

K .  Dressler 

I .  THE LANGUAGE OF MOLECULAR SPECTROSCOPISTS 

A very l a r g e  number of e lec t ronic ,  v ib ra t iona l  and r o t a t i o n a l  energy l e v e l s  

have been determined spectroscopical ly  i n  the hydrogen molecule. A quick survey 

of e l ec t ron ic  s t a t e s  and of the  molecular "constants" descr ibing t h e  v ibra t iona l  

and r o t a t i o n a l  l e v e l s  assoc ia ted  with these  states can be obtained by inspect ion 

of Herzberg's book, p .  530 f f . ,  Table 39 (1950). This table  charac te r izes  the  

e l ec t ron ic  states i n  terms of t h e  following constants,  a l l  expressed as term 

values i n  u n i t s  of ern -' ( T  [ern-'] = E [erg] /he) 

Te, ae, we Xe' we Ye, Be, de. 

Footnotes t o  t h e  table  give the  addi t iona l  constants  

of t h e  states. 

re, Dv, and H f o r  some v 

All t hese  constants  are defined by t h e  r e l a t ionsh ips  given below. 

Molecular term values are expressed as sums of e lec t ronic ,  v ib ra t iona l  and 

r o t a t i o n a l  cont r ibu t ions  t o  t h e  t o t a l  energy: 

T (molecule) = Te + G ( v )  + F (J). (61)  

The subscr ip t  "e" on t h e  e l ec t ron ic  term value T 

but  t o  "equilibrium", i . e .  T 

s ta te  wi th  t h e  nuc le i  f ixed  a t  t he  equilibrium-internuclear d i s tance  ( a t  t h e  

minimum of t h e  p o t e n t i a l  curve).  

does not  r e f e r  t o  "electronic"  

represents  the  energy of a phys ica l ly  non-existent 

e 

e 

I n  order t o  ca l cu la t e  T t h e  observed vibra-  e' 

t i o n a l  l e v e l s  of an e l ec t ron ic  state are f i t t e d  t o  formula (61) with J = 0, 
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and with 

G ( v )  = we ( v  + 4) - w e e  x (. + +)2 + ae Ye \ ? + $  
1 4  - cu ( v  + 2) ... 3 

e e  

(62) 
T 

T 

i s  then obtained by subtract ing f r o m  t h e  lowest observable energy l e v e l  

( v  = 0, J = 0) t h e  energy of zero-point v ib ra t ion  G (0)  : 

e 

0 
1 1 

T = T - G ( 0 )  = To - 2 me + 1/4 wexe - 3 we ye + ... 
e 0  

(63) 

Similar ly ,  t h e  d i s soc ia t ion  energies D and D of an e lec t ronic  s ta te  refer  t o  

d i s soc ia t ion  from t h e  minimum of the  

e 0 

p o t e n t i a l  curve, and from the  v = 0 state, 

respec t ive ly .  

Rota t iona l  term values a re  described by r o t a t i o n a l  constants  B, D, and H: 
2 

Fv (J) = Bv J (J + 1 )  - D J (J + + Hv J3 (J  + l ) 3 .  
V 

(64) 

Sometimes the  r o t a t i o n a l  constants of a se t  of v ib ra t iona l  l e v e l s  wi th in  

one e l ec t ron ic  state are expressed i n  terms o f  equilibrium constants :  

B = B - de ( v +  $-) + 

D = D - Pe  ( V  + $-), 

H = H - &e ( v +  3). 

( v  + $ ) 2 ,  V e e 

v e 

V e 

Formula (64) can be used t o  describe t h e  r o t a t i o n a l  terms of t h e  v ibra t iona l  

l e v e l s  of t h e  ground state and of unperturbed exc i ted  states. The devia t ions  

between observed and ca lcu la ted  term values are negl ig ib ly  s m a l l  provided t h a t  

t h e  constants  Bv, Dv, and H 

ind iv idua l  v ib ra t iona l  l e v e l ,  whereas t h e  use of (65) should be avoided i n  re- 

are obtained d i r e c t l y  from observations f o r  each 
V 

cons t ruc t ing  energy l e v e l s  from published cons tan ts .  

S imi la r ly ,  formula (62) should be avoided whenever highest-precis ion term 

values  including v i b r a t i o n a l  energy are des i red .  Instead formula ( 61 ) should 

be  r ewr i t t en  as 

= T + F (J), T t o t a l  v (66) 
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and term values T 

from observations d i r e c t l y .  

including e lec t ronic  and v i b r a t i o n a l  energy, should b e  taken v 

The e l ec t ron ic  s ta tes  of hydrogen are designated by a symbol n e l  hl n2 A2 
1 

giving t h e  e l ec t ron  configurat ions n e n e, of the  s ta te  f o r  vanishing 

in t e rnuc lea r  d i s tance  ( i .e. t h e  corresponding s ta te  of the  "united atom", v iz  . He), 

1 

followed by t h e  molecular quantum symbols h h2 descr ibing the  o r i e n t a t i o n  of e 
r e l a t i v e  t o  t h e  molecular a x i s  ( a, T, A, denote h = 0, 1 ,  2 , )  and by 

symnetry subscr ip ts  g and u depending on whether The more 

important e l ec t ron ic  s t a t e s  are fur ther  named with c a p i t a l  l e t t e r s  X, B, C . . .  

i f  t hey  a r e  sp in - s ing le t  s t a t e s ,  and with 1 . c .  l e t t e r s  a, b, c . . .  i f  they are 

t r i p l e t s .  F ina l ly ,  t he  states a r e  character ized by a symbol g iv ing  t h e  e l ec t ron ic  

symmetry. E.G. t h e  f u l l  designat ions of t h e  ground state and of t h e  f irst  exc i ted  

s i n g l e t  and t r i p l e t  states would be: 

e i s  even o r  odd. 

Is 6 2p Gu 
Q 

The f i n e r  d e t a i l s  of angular momentum nota t ions  and of energy terms assoc ia ted  

with e l e c t r o n i c  - and spin-angular momenta a re  discussed i n  Herzberg's book. 

d e f i n i t i o n s  of N and K given i n  Pa r t  A of t h i s  Review ( p .  12)  fo l low Herzberg's 

usage. However, it should be noted t h a t  a s l i g h t l y  d i f f e r e n t  no ta t ion  has been 

introduced i n  t h e  mean time (Jenkins  1953), i n  which J r e t a i n s  i t s  meaning ( t o t a l  

angular  momentum of t h e  molecule excluding nuclear  sp ins ) ,  whereas t h e  former 

K ( t o t a l  angular momentum excluding nuclear  and e lec t ron  sp ins)  i s  replaced by 

N, and t h e  former N ( r o t a t i o n  of t h e  nuc le i )  i s  replaced by R .  

Review dea l s  w i th  12 

and N, o r  J, N, and R,  s i nce  they  a l l  have i d e n t i c a l  values  and meaning i n  t h i s  

case .  

The 

Much of t h i s  

states f o r  which w e  need not  d i s t i ngu i sh  between J, K, 
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11. THE ROTATIONAL STRUCTURE OF THE GROUND STATE 

The most accurate determination of ground-state rotational energy levels is 

Stoi- that carried out by Stoicheff (1957) in measurements of the Raman effect. 
cheff‘s values of Bo, D and Ho are 

-1 

-1 

-1 

0 
Bo = 59.3392 cm ? 

DO = 0.04599 cm , 
Ho = 5.2 x cm . 

Rotational term values are presented in Table 3 as derived from (64) and (67) .  
listed are the wave numbers, wavelengths and transition probabilities for pure 

rotational quadrupole transitions J + J-2. 

Also 

Table 3 

Rotational Levels, Statistical Weights, and Transitions in the 

, v = 0, of H2. 1 Ground State X 

2- AJ 3 5-2 
J F ( J )  g (J) F (J)-F (J-2) 

cm-1 Cm-1 p ( v 4  5ec-1 year 

- - - 0 0.000 1 

- - - 1 1 1  8.494 9 
3 2 354 390 5 354.390 28.2175 2.4 x lo-’’ 1.3 x 10 
2 3 705.536 21 587.042 1 7.0346 4.0 x lo-’’ 0.8 x 10 
1 4 1168.801 9 814.41 1 12.2788 2.4 10-9 1 .3  I O  

8 4053.344 17 1 638.407 6.1035 
o 4161 .167 1 (v=1) 

The wave numbers obey the formula 

27 ( J  + 2) - F ( J )  = (4B - 6D + H) (J + 2 ) - ( 8 D  - 34 H) ( J  + ) 3  + 

have been given by Spitzer (1949): J J-2 The transition probabilities A 

-1 4 
sec . -13 J (J-1) (2J-1) 

25 + 1 
= 7.52 x I O  *J 3 5-2 
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The s t a t i s t i c a l  weights of t h e  r o t a t i o n a l  l e v e l s  of Ii HD, and D are: 2' 2 

g ( J )  = 25 + 1 f o r  HD, 

g (J) 

g (J) 

g ( J )  

g (J) 

= 3(2J + 1 )  

= l(2J + 1 )  

= 6(2~ + 1) 

= 3(2J + 1 )  

f o r  or tho - H2 (odd J - values) ,  

f o r  para  - H2 (even J - values) ,  

f o r  or tho - D2 (even J - values) ,  

f o r  pa ra  -D2 (odd J - values) ,  

or,  i n  genera l  f o r  a molecule with two i d e n t i c a l  nuc le i  of nuclear  spin t : 

g (J) = ( 2 i  4- 1 ) (i +1) (25 + 1 ) f o r  l e v e l s  occurring with 

symmetric nuclear sp in  funct ions.  

g (J) = (2i + 1) i (25 +1) for l e v e l s  occurring with a n t i -  

symmetric nuclear sp in  funct ions.  

111. THE VIBRATIONAL STRUCTURE OF THE GROUND STATE 

There are 14 d i s c r e t e  v ibra t iona l  l e v e l s  assoc ia ted  with t h e  e lec t ronic  

ground s ta te  of H2. The most accurate information on t h e  v ib ra t iona l  term 

values  and r o t a t i o n a l  s t r u c t u r e  of these l e v e l s  i s  due t o  Stoicheff  (1957, 

v = 0), Rank e t .  a l .  (1962, 1963, v = 1 - 3), and Herzberg and Howe (1959 , 
v = 4 - 1 4 ) .  

r o t a t i o n a l  constants  are given i n  Table 4. 

l e v e l s  can occur i n  Raman sca t t e r ing  as wel l  as i n  emission or  absorption of quadru- 

pole  r ad ia t ion  and, a t  high pressure,  of induced d ipole  r ad ia t ion .  In  a l l  of these  

cases  t h e  r o t a t i o n a l  s e l ec t ion  ru l e s  are 

s t r i c t i o n  J = 0 + J = 0 i n  t h e  case of quadrupole r ad ia t ion  only. 

p re sen t s  t h e  wavenwnbers of t h e  v = 1 t v = 0 band of H 

(1962) a t  high pressure and as calculated from Rank's constants  ( c f .  Table 4 ) .  

Q ( 0 )  l i n e ,  which cannot occur as a quadrupole l i n e ,  i s  given as observed by S t o i -  

cheff  (1957) i n  t h e  Raman spectrum. 

Some values of t he  v ib ra t iona l  terms Tv and of t h e  

Trans i t ions  between v ib ra t iona l  

n J  = 0, f 2, with the add i t iona l  re-  

Table 5 

as observed by Rank e t . a l .  2 

The 

Measurements a t  lower pressures  and e x t r a -  
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pola t ions  of l i n e  frequencies t o  z e r o  pressure were reported by Rank and Wiggins (1963). 

Table 4 

Vibrat ional  S t ruc ture  of Ground = S t a t e  H2 

V 

0 
1 

2 

3 
4 
5 
6 
7 
8 
9 
10 

1 1  

12 

13 
14 

D: 

(J = 0) v Bv Dv Hv 

59 ' 3392 0 - 04599 5.20 10-5 0 

4161 ,167 
8087.1 35 

1 5250.36 
1 1 782.366 

18491 .92 
21 505.65 
24287.83 
26830.97 
29123.93 

32886.85 
31 150.19 

34301.83 
35351.01 
35972 -97 8 - 770, 0.08467 - 
361 13 

56.3725 0.04392 4.15 x lo-' 

53.4667 0.04218 3.84 10-5 
50.6259 0.04088 3.64 10-5 
47.801 3 0.0397, 3.50 10-5 
44.9584 0.03854 3.42 10-5 

Rotational constants  not l i s t e d  can be  

found i n  Herzberg and Howe ( 1959) 
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'Fable 5 

The 1 - 0 Vibration - Rotation Band of H2 

J s (J) Q (J) 0 (J) 
0 4497.830 obs 4161 .134 obs* - 
1 4712.895 obs 4155.243 obs - 
2 4916.990 obs 4143.440 calc  3806.777 c d c  

3 5108.399 obs 4125.853 ca l c  3568.201 c d c  

* Raman e f f e c t .  

J denotes t h e  lower state (J", v" = 0), J' denotes the  upper s t a t e  

(J', v' = 1 ) ;  

S (J), Q (J), 0 (J) denote transitims with A J = J' - J" = +2, 0, -2. 

The most accurate experimental d i ssoc ia t ion  energies of H HD, and D2 are 2' 
those derived by Herzberg and Monfils (1960) from the  measurement of t h e  long- 

wavelength l i m i t  of continuous absorption near 850 8, corresponding t o  the process 

Hg X 'Zg, v = 0 

The threshold f o r  t r a n s i t i o n s  or iginat ing i n  the  J = 0 l e v e l  i s  founcl a t  

H (1s) + H ( 2  p ) .  

(72)  
-1 To (H2) = 118372.1 +- 0.20 cm . 

5 0 1 +  
The d issoc ia t ion  energy of t he  ground state Do ( X 

H (Is) + H ( 1 s) i s  found by subtracting from To t h e  average exc i ta t ion  energy of 

t h e  atomic 2p s t a t e s  (82259.0 k 0.15 a n - ' ) :  

v = 0, J = 0) i n t o  
€3' 

- 

(73) 
-1 Di (H2) = 36113.0 * 0.30 cm . 5 

-1 Herzberg and Monfils have computed a zero-point energy of Eo(H2) = 2179.2 

f o r  He, and hence Do ( H  ) as measured from the  minimum of the po ten t i a l  curve 

becomes 

cm 
7 

e 2  

D," (He)  = 38292.3 5 0.5 an- ' .  (74) 
Although the  quant i ty  DZ i s  not d i r e c t l y  measurable, it i s  usefu l  when d i f f e r e n t  

isotopes are  compared s ince D i s  indepehdent of nuclear mass. Do also i s  the  

quan t i ty  which can be compared with theo re t i ca l  ca lcu la t ions  of t h e  e lec t ronic  

energy of t h e  hydrogen system: with f ixed  nuc le i .  

Herzberg and Monfils . 

0 

e e 

This comparison i s  discussed by 
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The term values of t he  highest  d i sc re t e  l e v e l s  of ground-state H have been 
2 

determined by Herzberg and I-Iowe ( 1  959) and a r e  l i s t e d  i n  Table 6. 
with t h e  d issoc ia t ion  

Comparison 

Table 6 

ROTATIONAL LWELS OF H 2 N E X R  DISSOCIATION LIMIT 

J T ( V  = 14) 
0 35973 - 0 

1 990.2 
2 36022.8 
3 067.6 
4 117.8 
5 153.4 

-1 
energy Do = 361 13 .O cm 
las t  observed l e v e l  J = 5 of v = 14 l i e s  40 cm-l  above t h a t  l i m i t  and owes i t s  

exis tence t o  t he  presence of a poten t ia l  b a r r i e r  t o  d i s s o c i a t i o n  a t  e levated 

J - values.  

( Herzberg and Monfils 1960, cf . Table 4) shows t h a t  t h e  

The ground s t a t e  of HD has been invest igated by Durie and Herzberg (1960). 
Their p r i n c i p a l  numerical r e s u l t s  a re  given i n  Table 7. 

V 

Table 7 

Ground - Sta t e  Constants of HD. 
LD x = 90.908, W:Y = 0.504 3’ e e  e e  LD = 3812.29 e 

Tv (J = 0) DV 

0 0 44. 6687 0.0263, 

9 1 3632.14 

2 7086. 883 

0.0254& 7 42.742 

3 1 0367. 563 

4 3476 876 

The v = 0 and v = 1 l e v e l s  of I) have been inves t iga ted  along with those of 2 
H2 and HD by Stoicheff  (1957). 
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I V .  EXCITED STATES AND ELECTRONIC TRANSITIONS 

The p o t e n t i a l  energy curves i l l u s t r a t e d  i n  Fig.  2 represent  a l l  molecular 

states r e s u l t i n g  from the  e lec t ron  configurations 1 s n e l  with n = 1 and 2. 

The observed term values of these  and of known higher exc i ted  s ta tes  of H a r e  2 

given i n  Table 8 which i s  arranged i n  t h e  form of an energy-level diagram. A l l  

t r i p l e t - s t a t e  energies a r e  taken from t h e  very convenient t a b l e  of H2 energy 

l e v e l s  by Dieke (1958), whereas Dieke's s i n g l e t - s t a t e  energies  were r a i sed  by 

- I  
7 cm 

observable K-value of t h e  v = 0 leve l ,  i . e .  , Ti- , and - s t a t e s  a re  

as explained below. The values l i s t e d  i n  Table 8 represent  t h e  l o m s t  

represented by t h e i r  lowest K = 0, 1 ,  and 2 - l eve l s ,  resp . ,  as given by Dieke. 

I n  cases  of and - states w i t h  A - doubling the  component of lower 

energy i s  l i s t e d  only. 

The higher  r o t a t i o n a l  and v ibra t iona l  term values o f  t h e  e l ec t ron ic  s t a t e s  

of H2 a r e  l i s t e d  i n  Dieke's t a b l e  as f a r  as they were known and w e l l  e s tab l i shed  

i n  1958. The r o t a t i o n a l  and v ib ra t iona l  s t r u c t u r e s  of many exc i ted  s t a t e s  a r e  

per turbed by mutual i n t e r a c t i o n s  between exci ted s t a t e s ,  such t h a t  t hey  can not  

be represented accura te ly  by t h e  ro t a t iona l  and v ib ra t iona l  constants  of formulae 

(61 ) to (66). For t h i s  reason g rea t  caution must be exercised whenever B- o r  

w- a r e  used t o  ca l cu la t e  exc i ted  s t a t e  energy l eve l s ,  whereas t a b l e s  of energy 

l e v e l s  such as, e .  g . ,  Dieke 's  (1958) o r  Namioka's (1964 a ,b)  present  t he  

a c t u a l l y  observed leve ls  no matter  how much they  may devia te  from a regular ,  

unperturbed s t ruc tu re .  

Whereas a l l  t r i p l e t - s t a t e  energies i n  Table 8 were taken from Dicke's t a b l e ,  

t h e r e  has  been more recent  work i n  the vacuum u l t r a v i o l e t  which has r e su l t ed  i n  

more accurate  and i n  more extended information on t h e  '2 and 'TW - s t a t e s  

of configurat ions 1s np. These states are ,  of course, the  only ones appearing i n  

t h e  absorpt ion spectrum, o r  i n  emission terminating i n  ground-state l e v e l s .  
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The most recent  references regarding t h e  energy levels  of these  states are  l i s t e d  

i n  Table 9 .  The e n t r i e s  i n t o  Table 8 were taken from those references except f o r  

t he  C s tate.  

are 7 cm-' higher than those adapted by Dieke i n  1958; the re fo re  Dieke's value 

f o r  t h e  C s t a t e  w a s  r a i sed  by 7 em 

It w a s  found t h a t  t h e  more recent values f o r  the  B, B '  and D s ta tes  

-1 
also. All t h e  o ther  s i n g l e t  s t a t e s  of 

Table 8 are of g - symmetry and t h e i r  energies  are connected t o  those of t h e  

u - states j u s t  discussed by well-known emission frequencies  i n  t h e  v i s i b l e  

region. 

from t h e  values adopted i n  Dieke's t ab l e .  

Therefore, t h e  terms of a l l  s i n g l e t  - g - s t a t e s  were ra i sed  by 7 em-' 

The pos i t ion  of t h e  system of  t r i p l e t  states r e l a t i v e  t o  the  s i n g l e t  

ground state i s  based on connecting both the  s i n g l e t  and t h e  t r i p l e t  s t a t e s  

t o  t h e  same ionisa t ion  l i m i t .  

The ion isa t ion  p o t e n t i a l  of H i s  defined as t h e  energy d i f fe rence  between 2 
+ 

t he  v = 0, K = 0 l e v e l s  of t he  ground s t a t e s  of H 

determination of t h i s  quant i ty  i s  due t o  Beutler and Jfienger (1936):  

and of H2 . The spectroscopic 2 

I ( H 2 )  = 124430 em -1 . 

TABLE 9 

Recent References Regarding the  S ing le t  S t a t e s  o f  Se r i e s  Is  np. 

S t a t e  V 

0 

0 

1 

1 -  + 4P D '  Ti-, 
B" z, 

t 
K 
LA 

1 

1 
3P D 

B' 

B 

Authors 

Monfils 1961, Namioka 1964b 
I '  I '  

0 - 2  Monfils 1961, Namioka 196413 

0 - 9  
I 1  I '  

I 
2P C flu 0 - 4  Dieke 1958 

3 - 13 Monfils 1961, 1962 

5 - 14 Namioka 1964a 
o - 13 Herzberg and Howe 1959 + 1 LA 

14 - 35 Monfils 1961, 1962 

17 - 37 Namioka 1964a 
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The F 'zi s ta te  a t  103838 cm-l belongs t o  an e l ec t ron  configurat ion qu i t e  

d i f f e r e n t  from t h a t  of t h e  o ther  known exc i ted  s t a t e s .  

t he  "united-atom" symbol (2p 6,) , o r  by t h e  "separate-atom" symbol ( cu 
e i t h e r  way it corresponds t o  a configuration i n  which both e l ec t rons  a r e  exc i ted .  

The r o t a t i o n a l  and v ib ra t iona l  s t ruc tu re  of the  s t a t e  i nd ica t e s  a very shallow 

p o t e n t i a l  curve with a m i n i m  a t  a very l a r g e  in te rnuc lear  d i s tance  ( 

compared t o  N 1 .O 8 i n  s t a t e s  of Rydberg series l sn  e h). 
curve of t h e  F state crosses ,  i n  a very low order  of approximation, t h e  right-hand 

branches of many of t h e  other  exc i ted-s ta te  p o t e n t i a l  curves.  Fur t h i s  reason 

It can be described by 

2 
1 ~ ) ~ ;  

- 2.3 8 
The p o t e n t i a l  

s t rong  i n t e r a c t i o n s  occur wherever these o the r  exc i ted  states are of 

symmetry also,  r e su l t i ng  i n  s t rongly  perturbed r o t a t i o n a l  and v ib ra t iona l  

s t r u c t u r e s  of t hese  s t a t e s .  Dieke's t a b l e  l i s t s  19 v ib ra t iona l  l e v e l s  assoc ia ted  

with a l a r g e  in te rnuc lear  equilibrium dis tance ,  and t h e  f i v e  lowest ones of these  

are d e f i n i t e l y  assigned t o  t h e  F s t a t e .  

l e v e l s  represent  t h e  higher v ibra t iona l  l e v e l s  of t h i s  s ta te  i n  i n t e r a c t i o n  

with v i b r a t i o n a l  l e v e l s  of 

'z; 

It seems poss ib le  t h a t  t h e  remaining 14 

'z + s t a t e s  of configurat ion 1 sns  and 1 snd. 
g 

A number of t h e  states l i s t e d  i n  Table 8 have been mentioned i n  t h e  a s t r o -  

nomical l i t e r a t u r e  i n  connection w i t h  e l ec t ron ic  t r a n s i t i o n s  of poss ib le  i m -  

por tance.  

of t h i s  review involves t r a n s i t i o n s  from the  2p C 'z: repuls ive  s ta te  t o  t h e  

higher  l y ing  t r i p l e t  -g- s ta tes ,  pr imari ly  t h e  2s ' z  

The absorption of llquasi-rnolecularll hydrogen mentioned i n  P a r t  B 

+ 
s t a t e .  

g 

The coincidence between the  broad i n t e r s t e l l a r  absorpt ion l i n e s  near 4430 

and 5800 a with l i n e s  of H2 noted by Herbig (1963) involves t r a n s i t i o n s  from 

t h e  lowest l e v e l s  of  t h e  s l i g h t l y  metastable 2p 'T 
of configurat ions 4d and 3d. 

state t o  t h e  t r i p l e t  states 

.lz + t r a n s i t i o n  (Lyman bands) provide t h e  
g 

The l i n e s  of t h e  B 'z: f X 



-76 - 

most promising means of detecting molecular hydrogen in interstellar space (cf. 

Spitzer and Zabriskie1959). 

in the bands 0,O to 13,O of this transition (1 1 1  0 - 955 8 ) have been compiled 

by Spitzer et. a1 (1965). 

Lists of wavelengths and of expected equivalent widths 

I The Werner bands, C . vu f- X ‘z i, probably have greater intensities 
but fall into the less accessible region shortward of A 1 0 1 0  1 . 
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Fig. 1 . -  

Fig. 2.- 

Fig. 3.- 

Fig. 4.- 

Fig. 5.- 

Fig. 6.- 

Fig. 7.- 

Fig. 8.- 

Fig. 9.- 

Distances between pairs of particles in the H molecule. 

a and b are protons, 1 and 2 are electrons. 
2 

A sketch of the potential energy curves of the ground - and 
lower excited states. The v = 0 level of the ground state 
is taken as 0. Dissociation and ionization limits are shown. 

Coupling of angular momenta in Hund's cases a and b. 
Case b (with a small admixture of case a for non - 
applies f o r  H 

C states), 
2' 

Various coupling schemes for angular momenta including nuclear 

spin. 

Symmetry planes for the molecule with nuclei a and b. 

Ehergy curves f o r  H- 
H and H- is shown, as are the lowest singlet and triplet 

states of Hg. 

Dissociation into two atoms and into 2' 

Illustrating the energy curve non-crossing rule. Two curves 

like WX and YZ which cross in a certain approximation became 
WZ and YX in a higher approximation. 

Strengths of the S( 1 ) quadrupole rotation-vibration lines as 

a function of band designation. 

points are theoretical. 

Curve represents measurements, 

Radiative loss per unit density of atoms and molecules for inter- 

stellar gas at various densities and temperatures. Note the 

large decrease in l o s s  per atom as the atomic density is in- 

creased and the radiative deexcitations are quenched. 
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