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FOREWORD 

Quantitative spectroscopy is a EundamentaL ingredient of 

remote sensing and space sensor development. For this reason 

the space agency has a definite need for precise spectroscopic 

knowledge about molecules and atoms. Gaseous spectroscopy is 

espelially important since many planets including our cawn m u s t  

normally be viewed through their atmosphere. One importasat 

constituent of planetary atmospheric studies is the hydroxyh 

radical. This monograph presents a review of available OH 

spectroscopic information supplemented by a brief account. of 

relevant theoretical concepts. This compilation will certainly 

serve as a foundation and fundamental starting point for 

hydroxyl radical studies. The work presented herein represents 

one component of Wallops Flight Center's overall. planetary 

aeronomy program under the direction of Dr. Shiarhimd, 

Robert L. Krieger 
Director 
NASA Wallops Flight Center 
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SYMBOLS 

i Angs trtim 

A Constant related to ionization energy by Pi& 
(Eq. 4-11 

A Spin coup1 ing constant 

a,b,c,d Magnetic hyperfine interaction constant (Table 
3-18) 

a Spin-orbit interaction constant 

Am Einstein coefficient for spontaneous emissi.cm 

Bv Rotational constant for a given vibrational Level 
and is expressed as Bv = B - a (V + 1/2) ,  where 
B is a rotational constant in &e equilibrim 
p%sition and a, is an interaction constant between 
rotational and vibrational energies. 

Beff Effective B value for different multiplet 
components 

Bm Einstein coefficient for induced absorption 

c Velocity of light 

C1 pC2 A- type doubling cons tat 

D: Dissociation energy of the molecule in the ground 
electronic state 

De Dissociation energy referred to the minimm of the  
potential curve 

Dv Rotational constant involving centriSugal dis tor - 
tion and is expressed as Dv = De + B~ (V + 1/Z), 
where De is aother.rotational constant and B~ is 
another interaction constant. 

Deff Effective D value for different multiplet compon- 
ents 

D, Dn, 6 Centrifugal distortion constant (Table 3-18: 

e Charge of an 'electron 

E~ Rotational energy of a molecule 



"G m Energy of radiation associated with the transition 
n-m. 

0scil:lator strength of a transition m-n 

Rotational term in  a given vibrational level and 
i s  gi-ven as Fv(J) = EJ/hc 

Term value interval 

Degeneracy factor 

Piandks constant 

figher order rotational constant (Table 3-15) 

Momen-t of inert ia of the molecule in equilibrium 
position (Table 6-6) 

Intensity of radiation involved in the transition 
n -In 

Intensity of incident radiation a t  vm 

Quantum number of the to ta l  angular momentum 

Change i n  rotational quantum number 

aolt~- constant 

Layer thickness of the absorbing species reduced 
t o  0' C and 1 atm. 

Mass of an electron 

Electric dipole moment arising due t o  orbital 
elect:rons in a molecule 

Magnetic quantum number 

Change in MJ - quantum number 

Quantum number of the to ta l  angular momentum of 
the nolecule apart from spin 

Change i n  N-quantum number 

e r  of molecules i n  the upper s t a te  - n 

b b e . r  of molecules in  the lower s t a te  - m 



no Loschmidt number 

Po Standard pressure 760 mm-Hg) 

Pressure at a temperature T 

Franck-Condon factor for the (v',vq" band 

Rydberg constant (Fq. 4-1) 

Gas constant 

Quantum number of the angular mmentm of nuclear 
rotation (Chapter 2) ' 
- 
r-centroid for the (v1,v") band 

Internuclear distance 

Equilibrium internuclear distance 

Quantum number of the resultant spin 

Change in spin quantum number 

'Transition Strength' of the transition n-m 

'Band Strength1 for the (vl ,v") band 

Standard temperature (OD C or 273.1-5' K) 

Electronic energy term value and is expressed as 
Te = To + ME, where To is the electronic energy 
term value if spin is neglected, A is the sphn- 
coupling constant, A and C quantum numbers 

Potential energy fimction for a ml.ecrale 

Vibrational quantum number 

Thickness of the absorbing layer 

A coupling parameter signifying the ratio A/BvC?V, 
where A is a spin-coupling constant and Blr 
is a rotational constant 

Correction term (Fq. 4-1) 

Interaction constant which accounts for the  inter- 
action between rotational and vibra.lional energies 



Absorption coefficient a t  wavelength X (an-1) 

Absorption coefficient a t  wavenumber u (an-l) 

hothe:r interaction constant similar to  ue 

Spin rotation coupling constant for  multiplet Z 
states 

Centrifugal distortion constant (Table 3-18) 

A consltant (Eq. 5-22) 

Shape factor (FQ. 5-21) 
0 0 

Wavelength i n  A 

Spin-coupling constant (Table 6-6) 

Quantwn number of the component of the resultant 
electronic orbital  angular momentum of the molecule 
along the internuclear axis 

Change in A-quantum number 

Reduced mass 

Micron an) 

Wavember of the pure electronic jump; origin of 
the band system 

Wavenuher of the radiation associated with the 
transition n-m 

Wavenunber interval 

2 Absorption cross section a t  wavelength X (an ) 

Wantm number of the component of the resultant 
e l e c t r ~ ~ n i c  spin of the molecule along the inter-  
nuclear axis 

Change in c-quantum number 

Mean lifetime for a radiative transition 

Wavef unction 



Complex conjugate wavefimction 

Vibrational constant; vibrational f ~ e q u e n q  that 
an a n h a m n i c  osc i l la tor  should halre f o r  an 
infinitesimal amplitude (an-1) 

Vibrational constant; a constant involvTng an- 
h a m n i c i t y  

Quantum number of the t o t a l  electronic anwar 
momentum of the molecule along the internuclear 
axis 

AQ Change in Q-quantum number 

PHYSICAL CONSTANTS 

Speed of l i g h t  : 

C = 2.997930 X l o l o  an sec - 1 

Electron charge: 

e = 1.60206 X 10-l' coulomb 

Electron r e s t  mass: 

me = 0.510976 MeV 

= 9.1083 X loe i8  gram 

Planck constant : 

h = 4.1354 X 10-l5 eV sec  

= 6.62517 X erg sec 

Boltzmann constant: 

k = 8.6164 X eV K-' 

= 1.38044 X 10-l6 erg K - l  

Gas constant: 

R = 8.3170 X l o 7  erg K - ~  mole-' 

Loschmidt number: 

no = 2.68714 X 1019 an-3 



Srmdard pressure: 

Po = 1.013250 dyn an-' 

Standard teiyerah~re : 

To = 273.150°K 



INTRODUCTION 

Band spectroscopy of the free hydroxyl radical h a  long 

been of considerable sc ient i f ic  interest .  I t s  significance 

i n  both theory and various applications i s  well recognized. 

Though this  molecule i s  composed of two simple and most &m- 

dant atoms, 0 and H ,  it presents more than the usual s t r~ct t rral  

complexity expected of a normal diatomic molec~ile. A closer 

perusal of its molecular spectrum reveals many of the triter- 

nal interactions characteristic of the diatomic: structures, 

I t  exhibits the existence of a strong magnetic coupling lead- 

ing t o  an inverted ~nult iplet  , large Lambda-type hubling,  

presence of numerous sa te l l i t e s ,  and unlike most diatomics , an 

almost complete transformation from Hund coupling case (a) 

to  case (b). Also, the OH molecule provides very u.se5u.L in- 

formation toward the understanding of various Ij'hoto&ennical 

and combustion processes. OH exists ei ther as 2x1 essential 

bi-product or as an impurity i n  a l l  types of conib.wtiian proc- 

esses l ike  flames; gas discharges; sparks, etc, h insight 

into the excitation, dissociation, and ionization mechanisms 

of th is  molecule i s ,  therefore, very helpful i n  deternining 

the energy contents and thereby the spectroscop;c temperatures 

i n  flames and other radiative and non-radiative system. 

Knowledge of the detailed vibrational and rotational 

structure of OH i s  important t o  studies of the plar-e-kaq- 

atmospheres and various other astrophysical and aerononkcal 
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applicatims. Ntmemus OH rotational lines have been identi- 

fied in the spectra of night airglow, dayglow, and twilight ; 

solar spectra; s t e l l a r  spectra; and the spectra of comets and 

&ffemne galactic sources. CIH happens t o  be the f i r s t  

gaseous diatomic molecule ever discovered i n  in ters te l lar  

space by way of microwave emission. I t  may be recalled that  

-&is discovery l a t e r  proved t o  be the boon that  ushered in  

a new em of mdern radioastronomy. The mystery of anomalous 

-behavior of CW emission in  in ters te l lar  space i s  not yet 

clearly understood. OH i s  potentially important from the 

- & q o ~ t  of environmental studies, such as a i r  pollution. 

The sole of CM in photochemical smog i s  well known and OH 

may play a. u.sefi:L role in  different remote sensing applica- 

tions for  such purposes. Development of hydroxyl radical 

infratred lasers i s  another significant application of the 

rafiative behavior of this  molecule. The new lasers may 

?rove to be valuable in probing OH concentrations i n  various 

&esfiically active sys terns including the earth ' s atmosphere. 

L a t b u t  not least ,  OH s t i l l  awes i t s  unique position t o  

being the most p!rospective molecular enti ty that  one would 

search for in m y  system where l i f e  might be postulated. 

thm occupies a significant position i n  the molecular 

world, both from the viewpoint of academic interest  as well 

as i ts  pcatential.ity as an anplication molecule. There exist  

quite a f e w  scattered technical reports and reviews, apart 

from a host of research ar t ic les  which are devoted to spe- 
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c i f i c  areas of OH spectroscopy. Spectroscopic ilumerical data 

pertaining t o  OH were compiled by various authors QI-Ierzbel-g , 

1950; Wallace, 1962a; Pearse and Gaydon, 1965; and Rosen9 

19 70, 1973) . Dieke and Crosswhite (1948) also presented a 

detailed analysis of OH spectra but it i s  primarily devoted 

to only one of the electronic band systems, namely, the 

A ZZ' - X 2ni. But, i n  spi te  of the wide applicability 

of the spectroscopic information about th is  molecule, there 

exists  no single broad-based document which might give a 

reasonable coverage t o  the various aspects of the spectros- 

copy of this  molecule. Also, with the advent o f  more sophis- 

t icated experimental techniques, our knowledge about this 

molecule has increased tremendously i n  recent years m d  thus 

more and m r e  reliable spectroscopic data are nod available. 

Recognizing the pressing need to  f i l l  these gaps, it has 

decided t o  make an endeavor to  review the observed OiI spectra, 

c r i t i ca l ly  evaluate the available spectroscopic data, and 

present the same with a short background discussion on Lle 

theoretical principles involved. The present monograpI-1 i s  

the outcome of such an attempt. 

To make the subject matter coherent and comprehensive, 

the text has been divided into three sections: 

Molecular Structure and Spectra of OH 

Dissociation and Ionization Processes i n  OH 

Intensity Parameters in  CII 
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MOLECULAR STRUCTURE AND SPECTRA OF OH 

This section incorporates an exhaustive account of the 

various radiative electronic, rotation-vibrational, and pure 

rotational molecular transitions so far  identified in  the 

case of the free gaseous radical OH. Multiplet structures as  

evidenced through microwave, radiofrequency and electron 

parma@eric resonance spectra are included. OH transitions 

relevant co different astrophysical observations such as 

spectra o f  the sun, comets, in ters te l lar  space, and various 

galilceic sources are discussed i n  the proper context. Molecu- 

lar transstions of relevance t o  the development of OH infrared 

lasers are introduced. 

Necessary data have been evaluated and presented in 

respect to each spectrum except for the A 2c+ - X 2n ul t ra-  

violet  electronic system for  which an exhaustive compilation 

already exists (Dieke and Crosswhite, 1962). 

DISSOCIATION AND IONIZATION PROCESSES IN OH 

This s t sc t io~~  deals with the dissociation energies and 

Eissociat~on limits and also the molecular ionization poten- 

tials of the free molecule OH. The phenomena of predissocia- 

tion i s  sscussed a t  length. Preceding the presentation of 

data in  respect t o  the dissociation energies and thei r  limits 

for the various electronic s ta tes ,  a brief  survey has been 

made to h~ghi ight  the various merits and demerits of different 
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methods adopted t o  determine th is  important mllecuiar parameter, 

Data on ionization potential are provided with brief introduc- 

tory remarks. 

INTENSITY PARAMETERS IN OH 

This section mainly speaks of the intensity considera- 

tions in  various OH transitions. The significance of mlecu- 

l a r  intensity parameters, such as Franck-Condon factors, r - 

centroids, oscil lator strengths, absorption cross sections, 

1 L I O ~ ,  and the lifetimes i n  understanding aeronomica:l condi+ ' 

are spelled out and discussed. Also, the relevant data are 

provided. 

Data on the spectra and structure of GH' are incorporated, 

Although the structural features of @If spectl-a differ  signifi-  

cantly from those of CM,  it i s  very l ikely that one may iden- 

+ 
t i f y  some OH transitions i n  certain extreme cases o f  aeranmi- 

cal  conditions. In fac t  a few OH' transitions have already 

been identified i n  certain cometary spectra, On the other 

hand, discussion and presentation of data i n  respect t o  the 

isotopic molecule OD are excluded because it jis less likely 

that  the appreciable amount of OD may be present i n  inter-  

s t e l l a r  space so as to  be easi ly detected by spectrascopic 

techniques. 

The theoretical outlines of the different relevant 

spectroscopic phenomena are provided a t  appropriate 

places, i n  order to  make the subject matter self-contained 

and comprehensible even to  a non-specialist engaged 
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in the  p u r s u i t o f  studies on planetary aeronomy and astro- 

physics. 

'While every effort  has been made to  cover the data up t o  

1974 and thus make the monograph up-to-date, the authors 

hou1d be glad to  consider a l l  comments with regard t o  

omissions necessary t o  improve upon the text  and its presen- 

tation- 



OH radical i s  a paramagnetic diatomic molecule involving 

one unpaired electron i n  i t s  ground s t a t e  electronic config- 

uration. According t o  the Wigner - Witmer correlatien rules 

the four electronic s ta tes ,  namely, 2 n ,  2c-, '+c-, mi! for 

0(3P)H(2S) molecule are feasible from the ground s t a te  con- 

figuration K (2su) (2pu) (2pn) 3 .  The next excited states 

2 ~ +  and 2~ are possible according to  the f i r s t  excited elec- 

tron configuration K (Zsu) 2pu (Zpr) 4 .  The radiative transi - 

tions so far  observed are those between pure rotation and 

rotation-vibration levels in the ground X 2ni s t a t e  aid the  

+ f 
electronic transitions A 2~ t* X 2 ~ i ,  B 2~ - A 2 ~ 1 9  

C 2 ~ +  - A 2zfy C 2Z+ - X 2"y and a recently observed transi- 

t ion 2 ~ -  @) t X 2iTi @ouglas, 1974) in the vacuum ultraviolet  

A schematic of the molecular states and electronic transitions 

i s  shown in  figure 2-1. This figure also gives the values of 

various spectroscopic constants. The e1ectron.i~ transition 

B 2 ~ *  - X 2 ~ i  has not been identified so fa r ,  perhaps because 

of the overlapping of the spectrum of water vapor i n  the 
0 

spectral region around 1200A. 

ELECTRONIC STATES INVOLVED IN RADIATIVE TRANSITIONS 

The state X 217i: 2 ~ i  symbolizes the ground electronic 

s t a t e  of th is  molecule. I t  i s  the lowest i n  the term 

manifold arising out of the electron configuration K(2s0)~ 
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( 2 ~ 0 ) ~  (2p1r) 3 ,  as applied t o  th is  case. Structurally it js 

an inverted doublet with F components, (J = N' + 1/21 lying 
1 

a t  a lower energy level than the F cdmponents, (S = N - 11'2). 
2 

This multiplet structure, commonly known as spin-spli t t ing,  

arises as a result  of interaction between the electron spin 

vector and the orbital  electronic angular momentum vector 

along the internuclear axis. In Hund case (a') both l r e  spin 

vector and the orbital  electronic momentum vector are coupled 

strongly to  the internuclear axis. The interaction of nuclear 

rotation with electronic motion (spin as  well as orbital) i s  

very weak. The result  i s  that even i n  the rotating molecule 

the electronic angular momentum quantum number s 2 ,  where 

n = A + C, i s  well defined. The angular mome:n"t of the 

nuclear rotation R and 0 form the resultant J which repre- 

sents the to ta l  angular momentum of the molecule given by 

J = n,  n + 1, n + 2 ,  . . . Here n i s  integral or  ha l f -  

integral depending on whether the nuinber of electrons i n  %he 

molecule i s  even or odd. Further, since n i s  the colTonent , 
of J, J i s  integral when n i s  integral &d half integral when 

n i s  half integral. Naturally, J cannot be smaller than its 

component 0. Therefore, the levels with J < 51 do not occur. 

In a 211i s t a t e r  such a spin-splitting manifests i t s e l f  in 

an appreciable two-fold degeneracy resulting in  21.40 sub- 

'~ollotrlin~ a decision of the Joint Commission fo r  Spectros- 
copy i n  1952 (see J. Opt. Soc. Amer. 43 425, 19531, the 
symbol K has been replaced by N. l'heThe&bol K is used for  
synnnetric top molecules. 
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states 2n and 2~ . The rotational energy i n  Hund case 
3 / 2  112 

(a) takes &he form 

where the t e r n  Fv(J) , B and Dv carry thei r  usual spectros - 
Y 

copic meanings. As long as the rotations are small, the Iiund 

case (a) is  opera.tive and the electron spin continues t o  be 

coupled "c the internuclear f ie ld .  The energy of separation 

bemeen the corresponding F and F components i s  larger 
1 2 

than the energy separation between the adjacent rotational 

levels. As molecular rotations become fas ter ,  the spin 

uncouples from the orbital  angular momentum and becomes 

coupled t o  the fiseld generated by the molecular rotation. Here 

the molecule enters the domain of Hund case @). The spin 

vector S is not ctoupled t o  the internuclear axis a t  a l l .  

23is mans that n i s  no longer well defined. The angular 

rcomenta n md R f13rm a resultant which i s  defined by N given 

where N i s  the to ta l  angular momentum of the molecule apart 

from spi~1. In t lh~s  si tuation the angular momenta N and S 

farm a wsultant J ,  the to ta l  angular momentum including spin, 

and may be expressed by the relation 

J =  (N+ S), (N + S - I ) ,  - - - ( N  - s I .  (2-3) 
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The energy of the levels here i s  mainly determined by N and 

the spin causes a small spl i t t ing  of the 1eve:Ls into sub- 

levels. The rotational energy takes the form 

FV(N) = BV [N(N+l) - h2] 

+ small terms due to  spin-splitting (2-4) 

In fact ,  in most of the actual cases 2~ states are close t o  

Hund case (a) for slow rotations and close to  case (lb) for  

fas t  rotations. Incidentally, OH represents a typical case 

where one finds a rapid transition from case (a) to  case (b) 

while going t o  higher rotational levels. 

The rotational term values of spin components of a 2n 

s ta te  for an intermediate case or ,  in other words, f o r  any 

magnitude of spin-orbit- coupling have been calculated 

theoretically by H i l l  and Van Vledc (1928). In the case of 

the 2~ and 2~ s ta tes ,  the respective relations accord- 
3/2 1/2 

ing to  Herzberg (1950) are 
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If, however, these relations are expressed in  terms of N and 

neglecting the centrifugal force term Dv, we get 

vdlere Y = A/,/B,, Here Yv represents the coupling constant 
'ir 

ad other s@ols have thei r  usual spectroscopic meanings. 

When. there is a large spin-orbit uncoupling [Mend case (b) 1, 

Y is t o o  small: and the square root term i n  the above 
V 

~zlations can be replaced by 

Substituting this value and also J = N + 1 / 2  and N - 1 / 2 ,  

the respective terms becom 



MOLECULARSTRUCTURE ANDSPECTRA 13 

When Yv is too large in the case of strong spin-orbit couplilng 

[Hund case (a)] , these two f o m l a s  may be combined @\ring 

the expression 

where Beff is s l ight ly  different  for  the two rmritiplets. 

According t o  Mulliken (1931), Beff for  these doubletsstates 

is 

Using the above formulas, one can determine the spin nzmltiplet 

separations whatever the coupling conditions might be. 

In addition t o  spin multiplet s t ructure ar is ing out of 

spin-orbit interactions there exists  ye t  another sp l i t t i ng  of 

each spin component of a 2n: s t a t e .  Both F (J) and F (S) 
1 2 

s t a t e s  are two-fold degenerate. This degeneracy arises out 

of the interaction between the nuclear rotat ion and the 

orbi ta l  angular momentum which gives each sp in-sp l i t  level a 

positive o r  negative symmetry. This is  known as A - 5oubling. 

The two A - components are characterized by op11osite symmetry 

 nates with respect t o  inversion a t  the origin of the coord' 
+ 

(" and II;). Such a sp l i t t i ng  manifests i t s e l f  apprecizbly 

well,  part icularly for  greater speeds of rotat ion o r r  i ~ z  other 

words, a t  higher J values. In Hund case (a) , when the spin 

doublets of a 2n s t a t e  are quite  f a r  apart ,  A-doubling i n  the 
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2n cawonent varies with the f i r s t  pwer  of J while in  
1/2 

the 2n corrrponent, it i s  relatively very small. I t  i s  
3/2 

only i n  a. higher order approximation that  the 2~ component 
3/2 

exhibits a A-splitting proportional t o  J3. According t o  

Kovacs (1969) , in the Hmd case (a) the A-separations can be 

expressed as 

whereas in the Hmd case (b) 

and 

where C , C and Yv are the parameters involving different 
1 2  

coupling constants. 

In the case of 2~ s ta te  of OH, a reversal i s  observed 
1/2 

for  a A-doubling between N = 4 and N = 5 as one would expect 

on h e  b a i s  of the relative values of C and C as  applied 
2 1 

to  OH. Phllikeri and Christy (1931) have studied the changes 

in C and C as a function of J for  increasing rotations. 
1 2 
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In addition, the nuclear spin of the molecule in.duces fururthes 

spli t t ings in  these lambda-components , thereby causing what 

is knm as "hyperfine multiplet structure. " In teract~on 

w i t h  an external magnetic f i e ld  results  i n  further sp l i t -up  of 

the hyperfine structure. Such a s e t  of levels i s  encscmtered 

in the study of microwave zeeman effect or the electron spin 

resonance spectrum of th i s  molecule. Figure 2-2 depicts aBI 

such multiplet structures. 

The state 2tt: In such an electronic s t a t e ,  the mlecule 

possesses no resultant orbital  angular momentum along the 

internuclear axis (A = 0) and the electron spin S is always 

coupled t o  the rotation axis of the molecule. The Hmd case 

(b) applies t o  611 N values. The lowest rotational level is 

J = 0, rather than 1 as in the case of a 2n sta.te. However, 

if N is not equal t o  zero, there exists  a A-type doubling 

due t o  magnetic coupling of the spin and the morentm due t o  

rotation. The two doublet components F and F are coinci- 
1 2 

dent for  N = 0. The rotational energy terms for F1 md F 
2 

are expressed as 



Spin Splitting of the 
rotational levels. As 
J increases, there is 
rapid transition to 
case (b) . A - doubling 
reverses in the 2% 

compohent between N=4 
and 5 

Rotational A-Splitting Hyperfine zeemi Splitting 
level due to Splitting due due to external 
2n3l2 "=O rotational to proton magnetic field 

3=3/2 ,d mametic interaction 
electronic mment 
orbital interaction 
interaction 

Figure 2-2 Spin splitting of the rotational levels is shown in the 
left side. The splittings of a single rotational level 
due to various interactions are shown in the right. 
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and 

F ~ + 1 / 2  (N) = F2(N) = B y  N(N + 1) - 

From these 'above eyressions the doublet splitting can be 

krived as 

flI2(N) = Y(N + 1/2). (2-20) 

The split t ing constant y i s  very small compared to Bv and 

i s  usually, though not necessarily, positive. As a matter 

of fact, both the quantities Dv and y are so small that the 

deviations caused by them are observable only a t  higher 

rotational quantum numbers. 

SPECTRAL FEATURES O F  BAND STRUCTURE IN DIFFERENT 

RADIATIVE TRANSITIONS 

Three groups of rotational structures corresponding to 

the three'types of electronic transitions, 2c - 2c, 2c - 2ni, 

and 2n - 2n, have been identified in OH spectra. 

2~ - 2~ Transition: Rotational structure in the bands 

arising out of the.electronic transition 2L' - 2Z i s  charac- 

terized by single P and R branches quite similar to the 

simplest type of IZ - IZ transition. Each of these lines 

are further resolved into two strong components and one weak 
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satelliter T ~ L I S ~  the R-branch consists of R R and \ 
1'  2 '  2 1 

and P of P , P2,  and 'Q~~. The lines R (0) , P ( I ) ,  and a l l  
I 2 2 

P(0)  lines are missing. A l l  such branches are sham i n  

figure 2-3. Since 2~ s t a t e  always belongs t o  Hund case (b) , 
anly the selection rule AN = c 1 holds. AN = 0 i s  not valid 

~ a 2z "- 2~ transition; consequently, Q branches are missing. 

The separation of the two sub-levels w i t h J  = N + 1 / 2  and 

J = N - 112 for ,a given N i s ,  in  general, quite small as 

compared t o  the separation between successive rotational 

levels. 'hder normal instrumental resolutions one, therefore, 

gets the same band structure as for  I Z  - I Z  bands except 

t h a t t h e  lines are now t o  be numbered by N instead of J. I f  

the indices I and 2 correspond to  J = N + 1 1 2  and J = N - 1/2 

respectively, one gets s ix  branches (4 main and 2 sa te l l i t e )  

given in  table 2 -1 .  

The rotational t e r n  for spin rnultiplets of a 2c s t a t e  

are given below 

F (N) = B N(N + 1) + 1/2 y N - D N2 (N + 112 , 
1 v v 

.. . (2-21) 

and. 

F (N) = B N(N + 1) - 1 / 2  y [N + 1) - D N~ CN + I ) ~ ,  
2 v v 

. .. (2-22) 
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F i g u r e  2 - 3  Schemat ic  o f  t h e  v a r i o u s  b r a n c h e s  i n  t h e  rotational 
s t r u c t u r e  of OH e x p e c t e d  i n  an e l e c t r o n i c  transition 
zE+ - 2E+. 
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)ABLE 2-1 TERM VAWE DIFFERENCES AM) SELECTION RULES 

FOR 2~ - 2~ TRANSITIONS 

hbmenclatwe Term Value Differences Selection Rules Remarks 

v on-1 AN AJ 

P F; (N - 1) - F; (N) -1 -1 
i 

R1 
F; (N + 1) - F" (N) +1 +1 

Main Branchea 
P F* (N - 1) - F" (N) -1 -1 

2 

R F; (N + 1) - F; (N) +1 
2 

+1 

R 
Q? 1 

F: (N + 1) - 1 ~ "  (N) +l 0 

Satellites 
P F' (N - 1) - F; (N) -1 0 

where y ~epmsen t s  the spin-splitting constant. 

From the above, one can determine the spin doubling as 

follows : 

hv (P) = (P - P ) = (y' - y") N - 1/2 (y' - y") 
.i , 2 1 2  

The splitting o f  lines in  the branches increases linearly 

w i t h  N, the magnitude depending essentially on the difference 

of the splitting factors in  the upper and the lower states.  
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Figure 2 - 4  Schematic o f  the various branches i n  the  r o t a t i o n a l  
structure  of  OH expected i n  an e l ec t ron ic  t r a n s i t i o n  

2 z C  - 2n. 
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22 - 217 Transition: The appeaqnce of 2~ - 211 bands 

differs considerably according to  whether the s t a t e  2n be- 

longs t o  Hmd case (a) or @) or intermediate between (a) and 

@ I 9  and t o  the magnitude of spin doubling of the rotational 

levels i n  the s t a t e  2 ~ .  The band structure characteristics 

arising .From the different nature of the *n s ta te  are briefly 

discussed below. 

2 . X -  *11 (a): When the s t a t e  2n belongs t o  Hund case (a), 

"_he spin-o-njbit coupling i s  strong and there exist  two 

l i s t inc t  sUb-bands 2~ - 2n and *C - 2n . Each sub- 
312 1 /2  

band has s ix  branches (3 main branches and 3 sa te l l i tes)  

making 1 2  branches in  a l l .  These are identified as 

21 - 211 : P 
1 

R main branches 
3 1 2  1 1 

OP P 
Q12 

QR sa te l l i t e s  
12 12 

2 ~ - 2 1 1 : , :  P 
Q2 

R main branches 
11 2 2 2 

QP % 'R sq te l l i t e s  
2 1 2 1 2 1 

md are depicted schematically in  figure 2-4.  Here the 

sa te l l i t e s  are of almost the same intensity as the main 

brmches. The term values of these 1 2  branches are presented 

i n  table 2 - 2 .  

22 - *n (b):  When the spin-oxbit coupling gets pro- 

gressively weaker, the s t a t e  211 moves twards Hund case (b) . 
While the mail1 s ix  branches continue to  be strong, the 
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TABLE 2-2 TERM VALUE DIFFERENCES AND SELECTION RULES 

FOR 2~ - 2n(a) TRANSITIONS 

Nomenclature Term Value Differences Select ion Rules Remarks 

v an-I  AN A J  

P F' (N - 1)  - F" (N) -1 -1 
1  

Q1 
0 0 

R F; (N + 1 )  - F; (N) +l +1 
1  

Main Branches 
P F: (N - 1) - F" (N) -1 -I 

2  

Q2 
F; (N) - F1( (N) 0 0 

R F; (N + 1) - F; (N) +1 +I 
2  

QP F; (N) - F; (N) 0 -1 
2 1 

R ~ 2  1  
F; (N + 1 )  - I; (N) +1 0 

SR 
21 

F; (N + 2) - F; (N) +2 +I 

Satellites 
P 
Q1 2  

F' (N - 1 )  - F; (N) -1 0 

QR 
12 

F; (N) - F; (N) 0 *l 

OP F' (N - 2) - F" (N) -2 
12  

-1 

sa te l l i t e s  get weaker and weaker and finally become extinct 

when the coupling becomes insignificant and the s t a te  2~ 

confom exclusively t o  Hund case (b). A t  such a stage only 

the s i x  strong branches are observed. 

In intermediate stages of coupling when the s t p t e  2~ 

aches t o  Hund case (b), two outer sa te l l i tes  

are entirely absent (AN # 2 2) and the remain 
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X 2n - X 2n: The fine structure of infrared rotation- 

vibration bmds of OH is characteristic of a 2~ - 211 transi-  

tion. Here the rotation-vibration transitions take place 

Ldithin the same ground electronic s t a t e  2n. 

In I3md case (a) the selection rule AZ = 0 holds and as 

a result each X 21~ - X 2~ band sp l i t s  into two sub-bands 

2~ . Eachof these sub-bands 
312 

should have six branches forming three close pairs ,  namely, 

2 P, 2 Q, and 2 R. Since Q branches are very weak and each 

sub-band has only one head, apparently each band has only two 

hacis. Tqese two sub-bands, however, d i f fer  i n  the nwber of 

missing lbnes at the beginning of the branches and in the mag- 

nitude of the A-type doubling, which i s  appreciably greater 

for 2n than for the 2n 
1/2 3/2 ' 

In I-iad case @), the selection rule AN = 0, rt 1 holds 

w d  the rule that branches corresponding to  AN # A J  are very 

we& also holds. There are again twelve branches which corres - 

pond completely t o  those of case (a) except that  now they do 

not form two separate sub-bands. Since i n  such a condition, 

there is ;;an appreciable amount of A-doubling, each spin compo- 

nent is once more s p l i t  into two components. The additional 

92 satxellite branches with AN $ A J  are usually not observed, 

although theoretically predicted. These would make the 

to ta l  nmber of possible branches as much as 24. 
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The rotational l ine  strengths for the 2n - 2~ b&& of OH 

with intermediate coupling have been evaluated; theoretically 

by Benedict , Plyler, and Hqhreys  (1953) . According t o  their  

estimations, the vibration-rotation bands of OH e f i i b i t  a 

series of lines grouped i n  sets of four. These groups consist 

of the pairs of spin doublets whose separation decreases w i t h  

increasing N. Each component of the spin doublet is  i t s e l f  a 

A-doublet whose separation increases &th increasing N. The 

term values for various branches of *n - 2n t r a n s i t i o ~ ~ s  are 

given in  table 2-3 and schematically depicted in figure 2-5. 

TRBIE 2-3 VALUE DI- AND SELECTION RULFS 

FOR 2n - 2n TRANSITIONS 

Nommclantre Term Value Differences Selection Rules 
v ( d l )  AN AJ 

F' (N - 1) - F,' (N-J -1 -1 

Q1 
0 0 

R F; (N) - F; OJ - 1) +1 +l 
Main Brmches 

P F; (N - 1) - F; (N) -1 -1 

F: (N) - F; (N - 2) +2 +1 

Sate l l i t es  

F' OJ - 1) - F" (N) -1 0 
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Figure 2 - 5  Schematic of the rotation-vibration transitions of OH 
in the ground electronic state for Hund case (b). 
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The observed spectra of the OH radical cover an extensive 

spectral region, from vacuum ultraviolet  to  the radiofrequen- 

cies . Depending upon the nature of the transitj-ons in~rolved, 

these spectra can be classif ied i n  the following three broad 

categories. 

Electronic Spectra 

Rotation-Vibration Spectra 

Rotational and S ~ -  Rotational Spectra. 

ELECTRONIC SPECTRA 

This class of spectra i s  characterized by radiative tran- 

si t ions between various electronic s ta tes  of diatomic CH. In 

th i s  category five electronic radiative transitions have been 

observed and identified. 

System A 

A 2j +-+ X 2i73,2 (4107 - 2444i): This group of bands is  

perhaps the most easily excitable band system of the OH mole- 

cule and consequently observed even i f  water vapor is present 

as a minor impurity in  any discharge. The well ~CIIOWII '"iater 

vapor bands" known to be among the ear l ier  observed, one t - he  

assigned t o  Hz0 or 02, were eventually identified with "chis 

band system of OH. Most of the system l i e s  i n  the ultravialet  

region and has been extensively studied both in  &sorption 
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emission from a variety of sources. Grebe and Holtz (1912) 

were perhaps the f i r s t  t o  measure the rotational lines of the 
0 

J064A band which i s  the strongest one i n  the system. Heurlinger 

(1917) gave a f o m l  classification t o  these lines but the 

significance of this  classification could not be recognized i n  

the absence of any plausible theory of the band spectra in  

those days. Further progress i n  th is  area was characterized 

by the measurements and analyses of the additional bands by 

'Jarious a~k"Cors IWatson (1924); Dieke (1925); Jack (1927, 

1928 a, b) ; Tamaka and S i ra i s i  (1933) ; Tanaka and Koana (1933, 

1334) ; Dawson and Johnston (1933) ; Chamberlain and Cuther 

(1933) ; Johnstcork, Dawson and Walker (1933) 1 . Because these 

masurements wez-e made ut i l iz ing low dispersion instruments , 

the res~ l l t s  reported by different workers varied quite often 

in  thei r  details. Another series of investigations on OH 

spectra dealt w : ~ t h  the behavior of (33 bands i n  different 

l i g h t  sokrces , namely, flames and chemiluminescence 

(Olderherg, 193!5; Frost and Oldenberg, 1936 a,  b ;  Oldenberg 

and fieke, 1938 a, b , c) . The l a tes t  exhaustive work on 

the ulrrawLo1et bands of OH i s  that  of Dieke and Crosswhite 

CL948, 1962) and i s  undoubtedly superior t o  the work reported 

ear l ier .  These authors used the bluish outer cone of an 

oxyacetylene flame t o  produce these bands and recorded the 

s p e c t m  on a 21-foot concave grating spectrograph in the 
0 

second order (linear dispersion -0.6 A/mm). There have been, 

however, a feh- subsequent additions t o  these data character- 
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ized by the identification of the additional sequences. For 

instance, Stoebner and Delbourgo (1967) identified the Av = -2 

band sequence using an oxygen hydrogen reaction i n  a flow 

system under low pressure i n  a Geissler discharge tube, 

Later, Bass and Broida (1953) published a s p e c t r o ~ a p h i c  a t l x  

shaving the intensity distribution of these bands. The 

Deslandres scheme, showing the wavelengths and intensity 

estimates for the band-heads of different @I bmds in th is  

system so far  reported, i s  presented i n  table 3-1 .  

JC 
Rosen (1970) 
Note - Underlined band i s  the most characteristic i n  A-X 
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This band system i s  allowed by the change in  e lect r ic  

dipole momen"chi ch results from the electronic transition 

A 2~ - X 2 ~ ,  There are only s ix  allowed branches, namely, 

Ri3 and Pa, Q , R corresponding t o  the transitions 
I ?  2 2 

ia, 2zP - X 211 and A 2 ~ +  - X ~ I I  respectively. Yet, when 
3/2 1/2' 

fie 2n states belong t o  Hund case (a), the ~ ~ i n - o r b i t - c o u ~ l ~ ~  

i s  large leading t o  a large separation between the multiplets 

holds, and a l l  the transitions follow the selection rule 

AJ = 0, t I and -6 ++ -. In addition, there are s a t e l l i t e  

branches for whi~ih A J  = AN and the intensity decreases rapidly 

with increasing IV. These sa te l l i t e s  have the same form as the 

six main hrm.&es. For a small doublet-splitting of the 2E+ 

s tare ,  these lines l i e  very close t o  the corresponding lines 

of: t?le main. branches. This description is applicable only for 

lower J quantum nunhers. For higher J values (J 2 4) when the 

Hmd c s e  @) becomes important, the sa te l l i t e s  are seldom 

observed. Figure 2-4 represents a l l  such possible transitions. 

As mntioned in a a p t e r  1, a comprehensive report on the 

various vibrational and rotational transitions involving the 

electronic A 21' and X 2ni was presented by Dieke and Cross- 

white (Bmblebee Series Report No. 87, 1948). This document 

has also appeared in  i t s  original form without any updating 

or modifications as an open l i tera ture  ar t ic le  (Dieke and 

Crosswhite, 196i!). The report presents the useful and re l ia-  

ble structural data on nine bands of this system along with 
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the combinational differences for the various vibrational and 

rotational transitions involved. I t  also presents computed 

values for the various transition probabil i t ie:~.  Became this  

publication i s  almost complete in i t s  scope and has been the 

subject of frequent citations, the data given have not been 

reproduced i n  the present monograph. As mentioned ea r l i e r ,  

hawever, Stoebner and Delbourgo (196 7) identified three addi - 
0 

t ional  bands in the region 3844 - 4107A forming a new sequence 

Av = -2 in th i s  system. They presented a rotational analysis 

for  these new vibrational transitions (0,2), (L,3) asad (2,4) , 

and determined the values of the rotational displace~~ents,  
1 

AFJ (v' = 4) ,  for  the level  v" = 4 which were hitherto mdeter 

mined, They also obtained the value of the coupling constant 

"aw (a = -8,547 for  v" = 4). These observations were taken 

under relatively low dispersion (Hilger quartz/glass spectro- 

graph) compared t o  those of Dieke and Crosswhite (21-.Coot 

grating; second order). Therefore, the rotational displace- 

mnts  for the levels v' = 0, 1, 2 and v" = 2 ,  3 detemn'eed by 

these authors on the basis of these new bands cannot be re-  

garded as more accurate compared to  those reported by Dieke 

and Crosswhite. Because of th i s ,  only wavelength data fo r  P, 

Q, and R branches of these three new bmds for v'" 4 are 

presented i n  tables 3-2, 3-3 and 3-4. 

OH Lines in the Solar Spectrum: A large number of  rotational 

l ines belonging t o  the OH bands in the ultraviolet  sys tern 

A ZZ' - X 2ni have been identified in the solar  s p e c t m .  



'TAB%' 3-L  OBSERVED \liAIEhiiRBFRS OF ME A *I+ - X *111 SYSTTJI 

'~toebner and Delbourgo (1967) 
*The lines which have not been resolved completely or which correspond to a number of theoretical transitions. 



iStoebner and Ueiboirrgo (1967) 
%e l i n e s  which have not beer] resolved completely o r  i h i c h  correspond t o  a number of theore t i ca l  t r ans i t ions .  
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In the (0,0), (1,1), and (2,2) bands, a t o t a l  of 1 7 5  solar  

l ines are ascribed t o  OH unblended and 124 have OH a. a pa r t i a l  

contributor. A l is t  of such OH l ines and other rele~rant  data 

are presented in  Appendix A for  ready reference (Moore and 

Broida, 1959) . 

System B' (Intercombinational) 

B 22' + A 22' (5660 - 4216;): Schuler and Woeldike (1943) 

were probably the f i r s t  t o  identify these bank i n  the spec- 

trum obtained i n  water vapor discharge. The system was fur-  

ther  studied by Schuler, Reinebeck, and Michel (1954); Benoist 

(1955) ; Barrow (1956) ; Barrow and Downie (195 6) ; and Kernan, 

Felenbok , and Herman (1961) . However, Felenbok (1363) re-  

investigated the OH bands i n  emission from a tungsten-water 

surface spark source. Using such a source he investigated 

(0,6), (0,7), (0,8),  and (1,9) bands of the system and re-  

ported the i r  rotational analysis with precision. Also, the 

spin doubling i n  the (0,6) , (0,7) , and (0,8) bands was meas - 

ured and a breaking-off was observed for  the rotaticanal l ines 

P(16) and R(14) for  the band (0,7) and P(9), and R(7) for  the 

bands (1,6) and (1,9) , respectively. This breaking-off 

phenomenon was interpreted as due t o  the predissociation by 

the rotat ion of the upper s t a t e .  Recently, Czarny md Felenbok 

(1968) made a high resolution study of these bands using a 

high frequency excited water vapor j e t .  They identif ied the 

P s a t e l l i t e  l i n e  Q and observed the perturbations, rlamely, 
12 

(a) the change of y sign between v" = 5 and v" = 6 ;  (b) the 



rotational. l ine  half  width variation for the bands (0,8), (0,7) 

and (0,s) ; and (c)  the increase i n  the ha l f  width for  N - > 6 

~n the (0,8) band. Carlone and Dalby (1969a) also carr ied out 

a similar investigation of OH and observed an additional band 

j1,43 but :hey fa i led  t o  observe (1,7) band. The rotat ional  

maPysis of  this system is presented i n  table 3-5. 

* Carlone and Dalby (1969b, Depository of Unpublished Data of NRC Library, 
Canada). 
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TABLE 3- 5 (Continued) 
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In the electronic t ransi t ion B 2 ~ +  + A 2 ~ +  proposed for  

+ 
 his systex, the s t a t e  A 2~ i s  the upper s t a t e  of the well 

known ul t rav io le t  system A 2r+ - X 2 n i  The s t a t e  B 2r+ 

correlates with o ( ~ s ) H ( ~ S )  molecule and its potential  energy 

curve i s  vezy shallow. The bands observed correspond t o  the 

~:ransitioris o f  high vibration levels 4 < v" < 9 of  A 2 ~ f  and - - 
17" 0 , 3  of -the upper s t a t e  B 2 ~ + .  So f a r ,  only single-  

izeaded-red degraded bands belonging t o  th i s  system have been 

identif ied,  and tire arranged i n  the Deslandres scheme i n  

table 3-6, 

TABLE 3-6 THE DESLAMIRES SCHEME OF B 2 ~ +  + A 2 ~ f  

X v 

[1,4) bmd a t  3866A was observed by Carlone and Dalby (1969a) . 
Iioweves, they did not observe (1,7) band a t  4957A which was 
e a r l i e r  sei~orted by Felenbok (1963). 

Kote - Underlined bands are the most characteris t ic  i n  the 
B-A system. 

System C' (Intercombinational) 

C 22" - A 22t (2600 - 2249i) :  This is an intercombinational 

system of Clii: b a n k  lying in the u l t rav io le t  region. A few 

ban& now mequivocally identif ied as belonging t o  th i s  system 
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were observed e a r l i e r  (Chamberlain and Cuther, 1933 ; Bencist , 

1955; Schuler and Michel, 1956). I t  was Michel (1957) who 

f i r s t  studied th i s  spectrum i n  greater de t a i l .  He cbserved 
0 

four bands a t  2249, 2334, 2465 and 2545A and c lass i f ied  them 

as  (1,6) , (1,7) , (0,7) , and (0,8) , respectively. Felenbok 

(1963) confirmed the investigations made by Nlichel 119573 

regarding these four bands and reported two additional bands 
0 0 

a t  2600A and 2455A which f i t t e d  ni'cely into bfichei" analysis 

as (0,9) and (1,9) bands. He a lso  conducted rotational 

analysis f o r  the two new bands but the dispersion of h is  

instrument i n  the region of i n t e re s t  was not suf f ic ien t  t o  

claim any high order of precision. 

Carlone and Dalby (1969a) reinvestigated th i s  system 

under be t t e r  dispersion using a Jarell-Ash 3.,4. m Ebert 
0 

spectrograph (Dispersion 0.4A/nun) . They reported s ix  bands 

i n  a l l ;  four of these bands were the same as reported by 

Michel (1957), one a t  2600i was the same as additionally 

reported by Felenbok and c lass i f ied  as the (0,9) band in 
0 

Michel's analysis,  and another s ix th  band a t  2685A- Felznbok's 
0 

s ix th  band was a t  2455A and he did not 0bseru.e my band a t  
0 

2685A. Carlone and Dalby (1969a) presented a modified 

analysis on the basis of t h e i r  observations and obtained a 

different  s e t  of vibrational and rotat ional   onst st ants. On 

the basis of isotopic relat ions,  these authors concluded that  

the v-nunhering of the e a r l i e r  analysis (Michel, 1957;  

Felenbok, 1963) was incorrect.  Carlone and Dalby emphasized 
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.that &at those authors actually observed were the (3,6), 

( 3 , 7 )  , (1,7) , (1 !, 8) , and (1,9) transitions of the C-A system. 

Table 3-7 provides the band-origin data in  the form of the 

3eslandres sdeme. I t  may be pointed out that  Wallace (1962a) 

has reported 11 bands belonging t o  th is  system. Gut of these, 

only s i x  ban& have been observed and identified. The wave- 

lengths of five additional bands a t  2155.9, 2161.1, 2267.1, 
0 

2370.3, wLd 2405.9A as tabulated by Wallace appear t o  be the 

computed values, This was mentioned i n  the reference (Herman 

et al 19611 citecl by Wallace. 

3 
Carlone and Dalby (1969a) 
Note - Underlined bands are the most characteristic i n  C-A 

system. 

The s t a t e  C has been found to  possess a number of re-  

maskable characteristics. Although it has a relatively large 

dissociation energy, i t s  internuclear distance (re) i s  about 

doUble md its fundamental vibration frequency less than half 
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that  of the low-lying s ta tes  of both Chl and OH'. A11 these 

characteristics are that  of a strongly ionic citate, I t  seems 

likely that it may correspond t o  an ianic  s t a t e  ( p r e s d l y  

H'O-) and would, but for  the non-crossing rule,  dissociate 

into ions. I f  th is  'hypothesis i s  true, one would expect the 

C-state to  possess a very large e lec t r ic  dipolle moment, 

Another remarkable features of this  C-state i s  i ts  very large 

spin-spli t t ing constant [y = (0.25) B]. 

System C 

C *f + X 2ni (1990 - 1770X): Felenbok and Czamy (1964) 

identified this  system comprised of red-degraded bmds with 

weak vibrational structure, in the vacuum ultraviolet region. 

The spectrum was produced by a high frequency disdza~ge in 

water vapor a t  low pressures. The observed bands have been 

classif ied as involving only two low-lying vibrational levels 

V' = 0, 1 of the C ZP+ s ta te  and v" = 10 t o  16 o f  the X 2ni 

s ta te .  The 0 l a s t  band observed was the (0,16) band ~~rhich l i e s  

very close t o  the l i m i t  of dissociation of the X 2 ~ i  s ta te .  

The wavelengths of the band-heads in  the Deslmdres sd~eme are 

presented i n  table 3- 8. 

TABLE* 3-8 THE DESLANDRES SCHEME OF c 2z1 -+ x 'n; - 
, v" 0 10 11 1 2  13 14 15 1 6  

v 

0 1635 1686 1734 1777 1815 1839 1854 -- 
1 1575 1624 1668 1708 1 7 4 1  1755 1779 
* 
Felenbok and Czarny (1964) 

Note - Underlined bands are the most characte~ristic of C-X 
system. 
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VUV Absorption Band 

2 -  - X 'ni (1221i):  Recently Douglas (1974) has reported 
0 

a strong absorption band due t o  OH around 1221.4. From the 

analysis o f  high resolution records obtained on a 10 m concave 

grating vacuum spectrograph in' the ninth order (reciprocal 
0 

dispersion O.ZA/mm), he concluded tha t  t h i s  band is  most 

probably dile t o  the t ransi t ion 2 ~ -  + X 2ni i n  which 2 ~ -  is a 

Rydberg state. 
0 

OH spectra around 1200A were explored e a r l i e r  too, but 

all such attempts proved futile. ,  part icularly because of the 

strong overlapping absorption due t o  H20 and the vibrationally 

excited Hz. Discharge through water vapor provides a copious 

quantity of OtI radical which is evinced by the appearance of 

strong (33 absorption bands due t o  A cC  - X 2n. But side by 

side,  there exists an abundance of H20 molecules i n  the system 
0 

giving relat ively strong absorption near 1200A. Douglas also 

pscduced 1% by a. condenser discharge but through a mixture of 

0 2 s  H2 and He, By reducing the time delay between the dis- 

charge through the absorption column and the continuum flash,  
0 

he was able t o  record a new band due to  OH a t  1221A. The 

identi ty of the absorbing molecule was established by replac- 

ing i12 by D2 i n  the system and observing the corresponding 

isotopic sh i f t s .  H20 bands under such conditions were not so 

interfer ing as otherwise. I t  may be remarked here tha t  such 

an experimental condition also does not favor the appearance 

of  the well known A 2~ ++ X 211i band of OH o r  OD. 
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The new band has been classif ied as the (0,O) band of a 

new electronic transition 2 ~ -  -+ 2ni. I t  has the open struc- 

ture characteristic of a hydride band which comprises ail of 

the s ix  branches, P Q , and R expected for a 2c - 2r 
1,2' 1,2 ,2 

transition. 

The wavender  l i s t  of the different rotaeional lines is  

presented in  table 3-9. Analysis of the data indicates that 

P and R branch transitions terminate on the same imjer s t a t e  

levels as the Q branches of the A 2 ~ +  - X 2ni itransition. 

Since it is well established that  the A s t a t e  i s  a 2 ~ f  s ta te ,  

the new excited s t a t e  must be a 2 ~ -  s ta te .  Further, since 

no 2 ~ -  states are expected t o  arise from the 'basic oh i t a ' l  

configurations of OH, it could be that  the new 2 c -  stare might 

result from u - Rydberg orbitals  bui l t  on the 3 2 -  core of ;Ihe 

radical OHf. The s t a te  2 c -  can thus be classif ied as 

a Rydberg s t a t e  having B - value of 15.216 cm-? and nG(1/2) 

value of approximately 2750 cm- l .  These values are compar- 

able with the corresponding values for the 3c-  s t a t e  of  OHf. 

This hypothesis i s  further borne out by the theoretical 

calculations of Rydberg t e r n  by Lefebvre-Brion (1971) and 

Easson and Pryce (1973). 

The transition probability of this  new system (2z- - 2ni) 

must be quite high since the (0,O) band can be observed in  

absorption even when the number density of CI-I in  the absorp- 

tion tube i s  so small that it i s  not possible t o  get the 

otherwise most readily observable CH system A %' - X 2n. 



'IABLE'~-9 \WimWiBm OF Ifll: LINES OF TLE 'E- - k "1 BAND OF GH (0 OjBAND) 

J ~ I ( J )  Q 1 (Jj R,(J) P e ( J j  Q2(J) n2(J) 

* Overlapped lines. 
t Douglas (1974) 
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I t  may, therefore, be possible that  a t  leas t  three strong 

rotational lines of th is  electronic transition, na=ly, 
0 0 0 

1221.166A (R ) 1222.07lA [Q ) and 1222.524A (P ) mightbe 
1 1 L 

observed i n  absorption i n  in ters te l lar  space w l ~ r e  the OH 

number density i s  expected to  be low. 

ROTATION-VIBRATION SPECTRA 

This spectrum is characterized by the radiative "imsi- 

tions between various vibrational levels of the g r v i ~ ~ d  elec- 

t ronic  s t a t e  2 ~ i  of the molecule OH, 

Meinel Bands 

x *ni - x 2ni (44745 - 3810;): These bands were f i r s t  ob- 

served and identified by Meinel (1950a, b) in  the s p e c t m  

of night airglow. Later on these bands were d~eteccted in  other 

natural radiative phenomena such as day airglow and txili&t 

etc. ,  as well as in a n u h e r  of laboratory sources. Secause 

this  discovery by Meinel proved crucial i n  es tabl ishkg the 

correct identity of quite a few of the as t ra l  radiatims, "his 

group of CII bands is also t e m d  as 'Meinel balds ' . For 
0 

example, an emission around 6500A i n  the night a i rg lw spec- 

trum, once considered presumably due to H, (El~iey, 36950), was 

in fact  due to  OH. The airglow emission near 10440i, which was 

designated by Swings and Meinel (1951) as the [0,0) bmd of the 

f i r s t  positive system of N2,was also i n  rea l i ty  the 0:1 emission, 

Night airglow happens t o  be one of the most efficient  

sources of rotation-vibration emission of OH. Using high 
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altilxdde balloon-borne instruments, th is  system of bands has 
0 

been scanned up t o  36000A i n  the airglaw. o o n a l d  e t  a l ,  

1968; P/hswels e t  a l ,  1970; Pick e t  a l ,  1971; Bunn and Gush, 

99 72 ; Lowe and Lytle, 1973). I t  may, hawever, be pointed out 

that although th i s  system has actually been found to  extend 
0 

"d-iroughvi-11: the spectral region 44745-3810A as evidenced 

through laboratory studies, airglow CBI bands could so fa r  be 
0 

identified up to  36000A. As a matter of fac t ,  though the 

nature o f  the transitions involved in th is  s p e c t m  is such 

-that a rnajor part of the to ta l  emission energy should be 
0 

confined t o  t he  bands lying above 2800A (Wallace, 1962b), the 

st-song backgrocrnd intensity due t o  thermal emission from the 

lawer s t r a t a  of. the atmosphere s t a r t s  creating diff iculty in  
0 

the investigation of the airglaw spectrum from 25000A onward. 

I t i s  only through airborne high al t i tude experiments that  it 

has been possible t o  identify OH bands up t o  360001?, and that  

too only a f e w  members of the Av = 1 sequence (1-0, 2-1, 3-2, 

rand 4-33. (Lowe and Lytle, 1973) 

In laboratory, th i s  system of OH bands has been quite 

extensively s t~idied by many workers, Dejardin, Janin, and 

Peyron (1953) and Herman and Hornbedc (1953) obtained these 

bands using oxyacetylene flames. McKinley e t  a l  (1955) and 

Bass and Gamin. (1962) investigated these bands i n  the spec- 

"L of f emiluminescence produced by the reaction of atomic 

hydrogen m.d oz,onized oxygen a t  low pressures. The bands 

wit?? v > 1 0  could not be observed ei ther in  the laboratory - 
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sources or in the airglow. Meinel (1950 a,b) was the first to 

note the abrupt decrease i n  intensity of the CH aisglow bsii~ds 

for v > 9 which corresponds t o  the vibrational energy equal to 

3 . 3  eV. This discontinuity i s  a characteristic feature of the 

OH rotation-vibration bands emitted by the known laboratory 

sources as well. A schematic of the transitions involving 

v = 9 is shown in figure 3-1. 

Figure 3-1 Schematic of the observed rotation-vibration bands in 
the ground electronic state of OH. 
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Each band has dist inct  P , Q, and R branches. The R-lines 

form the band-heads. Since 2ni is a doublet composed of 2n 
3/2 

and2n , 2 ~  l i e s a p p r o x i m a t e l y 1 4 0 ~ n ~ ~ b e l ~ ~ i I  , two 
112 3/2 112 

se ts  of P ,  Q, and R lines are obtained. One s e t  P , Q1, and 
1 

R corresponds t o  2n and the other P 
3/2 

2 ,  Q ~ ,  and R t o  2n 
1 2 112 ' 

The P2, Q2, and R l ines are weak compared t o  P 
2 Q l Y  and R 2 

as  the l a t t e r  group of l ines corresponds t o  a more populated 

2~ s ta te .  Consequently there i s  an alteration of intensity 
312 

between P and P and so on for each band. The Q branch in 
1 2 

each case forms an unresolved line-like structure near the 

center of each band and has an appreciable intensity only for 

the l m e r  J values. There is also a A-doubling which has been 

identified in the high resolution laboratory spectra (Bass 

and Garvin, 1962) but not in the airglow. The wavelengths of 

the bandheads in the Deslandres scheme are given in  table 3-10. 

TABLE* 3-10 ~ATIW-VIBRATION BANDS OF x 2ni STATE OF CH 
R-BRAW R X S  BAND-HU\D PJR N < 7 AND Q BRAMi KR N 5 7 
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Chamberlain (1961) i n  his  boo1 'Physics of the Aurora 

and Airglowt has compi3ed the wavelengths for  45 band origins 

along with thei r  branches. These wavelengths were computed 

from the energy levels tabulated by Chanherlain and Roesler 

(1955) and rotational and spin constants reported by Herman 

and Hornbeck (1953) . I t  may be mentioned that  the most accu- 

ra te  wavelengths measured on airglow spectra are probably 

those of Kvifte (1959a, b) for 5-0, 6-1, 8-2, and 9-3 (photo- 
0 

graphed a t  35A/m) ; Chamberlain and Roseler (1955) for the P- 
O 

branch l ines of 5-1 and 6-2 (7OA/mn); Wallace (1960) for  8-3 
0 

and 9-4 (30A/m); and Wallace and Jones (1955) for 3-0, 4-1, 
0 

5-2, 8-4, and 9-5 (85A/m). Moreover, the most accurate wave- 

lengths on laboratory spectra are probably those measured by 

Herman and Hcrnbeck (1953) ; Dej ardin, Janin, and Peyron C.953) ; 

and Bass and Garvin (1962). Bass and Garvin (1962) carried 

out an extensive study of the rotation-vibration spectrum 
0 

photographed i n  the region 3900-11500A in the H + O3 reaction. 

They presented a rotational analysis of the bands up t o  v = 9. 

For band involving v' = 10, they extrapolated the data of 

v' = 9 assuming that  the rotational energy level scheme for 

higher levels vary so slowly as t o  be ignorable. The 

rotational analysis for observed bands is presented in table 

3-11. 
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TABLE* 3-11 kAVENUMBERS OF LINES IN THE HYDROXYL RADICAL ROTATION-VIBRATION 
0 0 

BANDS, 4000 A - 11000 A OBSERVED IN THE H + 0, REACTION 

t t t  

v -V 
Lme 8 - 0 9 - 1 7 - 0  8 - 1  9 - 2  6 - 0 

R nead 21595.0 19267.8 
R1 ( 5 )  
R2 (5) 
RI (4) 19248.9 
112 (4) RI (4) 
R1 (3) R2(2) 
R2 (3) R2 (2) 
R1 (2) Rl(1) 20442.7 
R2 3)  R2 (1) 20432.9 9-2 P1(4) 
RI (1) 22669.0 9-2 P1(4) 
R2 (1) 659.8 
Q (1) 617.4 21536.9 786.4 19217.4 9 - 2 P 1 ( 5 )  
Q (2) 596.1 364.7 190.7  18933.3 
Q (3) 189'78.0 
Q (4) 126.0 
Q (5) 
p?. ( 2 )  22558.6 331.4 161.5  883.0 
p i  ( 2 )  538.9 21451.9 303.2 136.7 864.9 
p2 (3) 505.5 272.8 106.9  839.2 
Pi (3) 23813.4 479.2 393.1 248.5 083.1 815.2 
P2 (4) 705.5 433.5 354.7 207.3 043.5 774.5 
PI  (4) 741.3 409.0 334.7 184.1  19022.4 755.0 
p2 (5) 686.2 345.7 131.7  18968.4 704.9 
p1 ( 5 )  558 .1  327.0 263.4 110.7 948.5 687.6 
p2 (6) 591.4 254.2 047.6 6-0 P2(2) 626.0 
Pi (6) 566.1  236.6 176.5 20029.0 6-0 P1(2) 613.7 
P2 ( 7 )  484.9 156.1 19951.7 18790.3 539.5 

( 7 )  467.7 135 .1  21082.3 934.8 6-0  P2(4) 525.7 
pz (8) 032.4 847.0 6 -0  P1(5) 
PI (8) 354.2 22018.5 20986.7 832.1 18671.2 9-2 Pl(10) 
P2 (9) 21898.9 733.5 574.2 
p i  $9) 238 S 886.3 883.2 718.8 556.2 
pi .lo) 605.3 451.9 
p1 (10) 770.0 594.8 437.9 224.5 
p2 (11) 473.1 113.9 
p1 (11) 743.9 615.8 463.4 103.7  
pz (12) 174 .1  
PI  (12) 332.5 163.9 

* 8 s  aild Garvln (1962) 
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TABLE 3-11 (Continued) 

V'..V" 
Line 7 - 1  8 - 2  5 - 0 9 - 3  6 - 1  7 - 2  

R head 
RI (5) 
R2 (5) 
RI (4) 
R2 (4) 
RI (3) 
R2 (3) 
R1 (2) 
R2 (2) 
R1 (1) 
R2 (1) 
Q (1) 
Q (2) 
Q (3) 
Q (4) 
0 ( 5 )  

head 
Rl(1) 
head 

18036.1 R1 (1) 
R2(2) 17039.6 
18021.0 17027.1 
17973.2 16976.1 

955.8 957.6 
930.1 936.1 

17896.9 PI  (2) 

head 
Rl(2) head 

16284.2 15460 .5  head 
Rl(1) Rl(1) 1 4 6 2 9 .  R 
16272.2 head 4 4 9 . 1  R2(2) 

254.5 16020.9 435.5 14615 .P  
202.8 15976.3 382.6 565 .0  
188.6 958.0 369 .  C 5 5 0 . 1  
167.1 348.1 528.6 

3 1 Q . 3  501.6 

16144.3 
118.7 
091.6 

16069.2 
9-3 head 
16014.5 
15967.0 

950.0 
15895.1 
9-3 P2(3) 

15804.4 
9-3 P1(5) 
15714.2 

638.8 
629.7 
541.3 
527.3 
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TABLE 3-11 (continued) 

v8-v1  
Lme 8 - 3  4 - 0  9 - 4  5 - 1  6 - 2 7 - 3 

R head 13812.2 13397.2 12958.7 12735.2 12072.4 11410.7 
x1 (5) 
s, (5) 
x, (4) 
2 2  (43 
XI (3) I~ead 725.37 
Ti2 ( 3 )  
R1 (2) bad 

R1(2) Rl(2) 
064.4 11404.5 

R.2 (2) 13802.6 365.3 707.5 R1(l) 
RI (1) R2[2) 048.5 390.9 
r12 (1) 13786.1 337.1 12944.6 688.5 12032.6 372.9 
9 (3.1 742.3 287.5 899.5 636.5 11983.2 326.5 

j: ili 726.6 887.2 621.0 969.5 315.3 
865.0 606.2 953.7 298.0 

(4) 709.9 2 (51 
689.8 1 666.8 

236.17 848.8 579.7 928.8 276.7 
202.4 830.0 549.3 903.8 250.2 

P2 (3) 644.4 181.3 804.8 531.8 881.3 228.7 
PI (31 621.3 157.4 783.1 508.3 860.4 208.7 
p2 (41 559.6 123.0 751.9 475.5 827.9 180.7 
PI (4) 569.6 106.2 5-1 head 455.5 808.6 160.3 
p2 (5) 526.8 065.6 5-1R2(1) 415.9 770.1 122.9 
PI (5) 507.6 13046.8 672.7 401.1 756.2 106.8 
p2 ( 6 )  459.2 12996.9 5-1 Q(2) 352.8 709.1 062.6 
PI (6; 442.6 985.5 5-1 Q(3) 338.5 694.1 11047.9 
p2 ( 7 )  383.6 927.7 5-1 P1(2) 284.2 641.1 10995.7 
" I  (7) 4-0 b ( 2 )  915.8 5-1 P2(3) 270.8 630.3 983.6 
P2 (8) 13302.2 9-4 P2(2) 465.4 208.7 . Ei69.&-- 924.8 . 
a, (8) 4-0 Q(l) 5-1 P1(4) 199.8 557.0 914.0 
p2 (9) 214.8 378.7 130.8 493.1 848.9 

(9) 4-0 P1(2) 365.6 119.8 480.1 838.3 
?z (10) 5-1 P2(7) 6-2 R2(2) 767.1 
71 (10) 5-1 Pi (7) 6-2 R20)  756.7 
P2 (31) 13008.6 180.6 680.8 
PI (11) 167.6 
Pz (12) " 112) 

-- 
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TABLE 3-11 (continued) 

1 11 

Line -' 8 - 4 3 - 0 9 - 5 4 - 1  5 - 2  

R head 
R1 (5) 
R2 (5) 
R1 (4) 
R2 (4) 
R1 (3) 
R2 (3) 
R1 (2) 
R2 (2) 
R1 (1) 
R2 (1) 
Q (1) 
Q (2) 
Q (3) 
Q (4) 

9360.7 
head 

Q (5) 
p2 (2) 612.8 10149.5 937.6 662.9 181.9 
PI (2) 592.6 124.8 916.0 639.6 158.4 
p2 (3) 572.4 103.3 893.4 617.4 137.4 

550.1 
(3) 522.3 

081.9 873.8 597.1 117.4 
p2 (4) 051.5 4 - l h e a d  568.6 090.1 
PI (4) 503.5 10038.4 551.1 072.7 
p2 (5) 467.2 9997.2 515.8 037.5 

4-1 Rz(1) 502.2 9022.8 
" (" ti;:! 1 ;  8 )  9734.4 P2 (6) 459.0 8980.7 
p i  (6) 393.2 9926.8 447.4 968.6 
P2 (7) 3-0 R(4) 398.6 921.3 
PI (7) 329.9 388.9 910.2 
P2 (8) 272.6 
Pi (8) 216.5 
p2 (9) 195.0 9269.6 
p1 (9) 110.5 9260.2 
p2 (10) 
p1 (10) 
p2 (11) 
PI (11) 
p2 (12) 
p1 (12) 

Ident i f ied l i n e s  i n  t h e  P and R branches a r e  unresolved lambda doublets. 
Q branch l i n e s  a r e  unresolved sp in  doublets. 
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ROTATIONAL AND SUB-ROTATIONAL SPECTRA 

This class of spectra is characterized by radiative 

transitions between numerous rotational levels and thei r  

lambda md magnetic hyperfine components studied in  the 

labor~tory  and i n  the extra-terrestr ial  sources. 

Pure Rotational Spectrum 

x 2ni. - x :!ni (20.4 - 15 ,., ): Pure rotational lines of the 

GI moiec~.le were f i r s t  sat isfactori ly investigated by Madden 

and Benedict (1955). Using oxyacetylene flame and an Ebert 

grating - Goley c e l l  scanning unit ,  they scanned the OH 

rotational spectrum in emission in the wavelength region 

15-20.4 p. 

PSyler and Kumphreys (1948) and Silverman and Herman 

(19493 had ear l ier  used prism spectromters t o  explore these 

spectral lines. Since the resolution of thei r  i n s t m e n t s  

was not sufficient  to  distinguish the OH lines from the 

stronger overlapping lines due to  H20, no satisfactory 

results  could be obtained. 
1 1  

The observed rotational lines, with N = 13 to  18 f a l l  in 

groups of 4 d ~ ~ e  to  A and spin doubling. The groups character- 

ized by i* = 13 (near 498 an-l) and N)I = 14 (near 531 cm-l) 

are particularly found free from distortion by the water spec- 
1 1  

t m .  A l l  possible OH l ines from N = 13 to  18 l i e  almost a t  

the same frequencies as computed and tabulated by Dieke and 

Crosswhite (1948) , the error being 2 0.2 cm-l which i s  within 
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the accuracy l imit  of the experiment. For ready reference, 

these wave numbers are presented in  table 3-12. 

TABLE* 3-12 PURE ROTATION BAND 

11 432.50 430.31 2 2 764.44 764.04 

3.31 0.91 5.73 5.11 

- 

*Dieke and Crosswhite (1962) 

OH Infrared Laser Oscillations: Several rotation-vibration 

laser l ines have been observed in the case of the M radical 

by Callear and Van Den Bergh (1971). Mixtures of  O3 a ~ d  H2 

were flashed in  a laser cavity and induced infrared emission 
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was detected in  the 3 11 region. The observed stimulated 

radiation was identified as involving P transitions of the 
1 

v = 3 -+ 2, 2 +- 1 and 1 + 0 fundamentals of the OH rotation- 

vibration spes?:rum. The relevant data are presented i n  

table 3-13, 

TABLE 3-13* ASSIGNMJ3T OF THE 'IRANSITIONS 

OF THE O3 - H2 LASER 

Observed Frequencies 
n- ) The OH Radical (an'') v 

3407 3407.94 (PI) 1 + 0  

3368 i: 2 3367.01 (PI) l + O  

Callear and gian Den Bergh (1971) 

Recently, h c a s  e t  a1 (1973) observed laser  action i n  

pure rotational. transitions i n  both OH and OD. The experiment 

consisted of a pulsed discharge through a flowing mixture of 

SF6, H2 and 02. The optimum par t ia l  pressures of the three 

gases for maxixrtnn laser action were typically in the ra t io  

4 : 2 : 6 asld the pulses originated from a 0. lpF condenser bank 

charged t o  about 15 KV. Forty-four lines were seen i n  the 

12-20d region and have been assigned to  the rotational transi-  

tions within v'" 0, 1, 2 levels of the grouid electronic 

state 2~~ 
3 / 2 '  

The study provided more accurate values of the 
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higher order rotational constants for  the molealde OH, Data 

for  the observed laser  lines are presented in  table 3-14, 

TABLEX 3-14 OH ROTATIONAL LINES? 

Assignment v (m-  l) Intensity 
v R (N) Observed (Arbitrary mits) 



FREE RADICAL OH 

TABLE 3-14 (continued) 

Assignment v (an- l) Intensity 
v R(NJ Observed (Arbitrary Units) 

*Ducas et a1 (1973) 

'The quartet grouping of the laser lines indicates splittin of each rotational 
level i?to four closely spaced levels due to A and spin sptitting. 

Molecular rotational parameters were determined from 

these laser frequencies, using the relations 

1 1 

EJ = l/4 [F2 (J) + F (J) + Fi (J) + F1 (JI1, 
2 

(3-1) 

t 1 

where F F and F F signify A-doublets of the spin-multi- 
I S  I 2' 2 

ple ts  corresponding to J = N + 1/2 and J = N - 1/2, respec- 
t ively,  and 

Here, i s  essentially the rotational constant B, Deff 

represents the influence of centrifugal force, and H E P are 

higher order terms for the vibrating rotor. These relations 

are due t o  Nlizushima (1972). These rotational parameters for 

OH are tabulated in table 3-15. 
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TABLE 3-15 RDTATIONAL PARNEEFS OF CH IN n STATES 

OH SPECTRA IN MICROWAVE AND RADIOFREQUENCY REGIONS 

Microwave Spectrum: The microwave absorption spectrum of  

the free hydroxyl radical was f i r s t  investigated i n  the Xabo- 

ratory by Dousmanis, Sanders, and Tomes (1955) . OH radicals 

were produced by a high frequency discharge in  water vapor 

and the absorption spectrum was studied in a flow system nling 

a conventional type of microwave spectrometer. Microwave 

absorption lines corresponding t o  radiative transitions 

between a number of hyperfine sub-levels* of the P.-doublets 

a 

CH has, in  to ta l ,  nine orbital  electrons and thus it has one 
unpaired electron i n  i t s  electronic structure with two-fold 
spat ia l  distribution i n  terms of i t s  spin. In a non-rotating 
molecule, these two configurations have the same energy but 
h e n  rotations se t  in ,  appreciable spin-rotation interaction 
forces come into play giving the two distributioiis sl ightly 
different energies. This i s  k n m  as ' A-doubling' resulting 
i n  the spl i t t ing  up of each rotational level into 8 d o d l e t .  

In addition, the nuclear magnetic moment of hydrogen in  OH 
also interacts with the internal magnetic f ie ld  of the mole- 
cule and different energies result from different orientations 
of th is  magnetic moment relative t o  the moleculal- magnetic 
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for both the ground electronic s t a t e  conponents 2n and 
3/2 

% were iden t i f i eda t  frequencies r a n g i n g f r o m 7 0 0 0 ~ z  to  
1 1 2  

24000 MHz. Poyllter and Beaudet (1968) reinvestigated micro- 

wave &sorption of th i s  molecule employing bet ter  experimental 

conditions and presented much improved data on the different 

radiative hyperfine transitions reported ear l ier .  Later a 

rider or" workers using m r e  sophisticated and improved experi- 

nental t e h i q u e s ,  such as a highly sensitive superheterodyne 

cavity spectrometer, a seivo-tuned cavity spectrometer, and a 

stark m h l a t i o n  spectrometer, etc. ,  identified many more 

microwave absorption lines involving 3 values up to  13/2 for  

"she stxkes 211 and 211 (Radford, 1968; Ter Meulen and 
3 1 2  1 /2 

Dymmltls, 1'372; Ball e t  a l ,  1970 ; B a l l  e t  a l ,  1971; Turner 

et d, 1370 ; Bstombes e t  a l ,  1974). Table 3-16 presents a 

consolidated report on the various microwave frequencies so  

far identified through laboratory experiments. Table 3- 17 

provides a lis-1: of different frequencies computed by 
e> 

Destombes e t  nl (1974) using the constants given in table 

3- 18, . . 
it may be pointed out that  laboratory data in respect to  

daese hyperfine OH transitions have been of great value in 

iden t i e ing  a rider of in ters te l lar  and galactic radiations 

field. Since only two orientations of th is  nuclear magnetic 
moment are possible in  OH, such a h sub-level i s  further 
s p l i t  into two hyperfine sub-levels. 

P, schematic of these component energy levels for a typical 
rotational level i s  presented in  figure 2-2. 



TABLE 3-16 MICROWAVE FRFQJENCIES OBSERVED IN 'IHE LABORATORY 

State 2n1/2 State 'JI3/2 
J F +F' (Frequencies, bRz) References (Frequencies, Hz) References 

1 + 0 4 660.242 + 0.003 Radford (1968) 
1/2 l + l  4 750.656 + 0.005 

O + l  4.765.562 + 0.003 
2 + 1  7 749.909 + 0.005 Ball 'et al(1970) 1 612.231 t 0.0002 Ter Meulen and Dynmus 
1 + 1  7 761 747 + 0.005 

3/2 2 + 2  
1 665.401 + 0.0001 (1972) 

7 820.125 + 0.005 1 667.359 + 0.0001 
1 + 2  7 831.962 + 0.005 1 720.530 +0.0001 

3 + 2 8 118.052 t 0.005 Ball et a1 (1971) 6 016.746 + 0.008 Radford (1968) 

5/2 : $ 8 135.868 + 0.005 6 030.739 + 0.005 
8 189.586 t 0.005 6 035.085 k 0.005 

2 + 3  8 207.401 + 0.005 6 049.084 k 0.008 

13 434.608 Poynter and Beaudet (1968) 
"13 441. 371 

23 805.13 + 0.01 Poynter and Beaudet 
23 817.64 + 0.01 (1968) 
23 826.62 t 0.01 
23 838.46 + 0.01 
36 983.47 t 0.03 Poynter and Beaidet 
36 994.43 i 0.05 (1968) 

13/2 's; 52 722.01 i 0.17 k~tombes e t  a1 (1974) 
-- -- 52 734.46 t 0.13 

" ' 113 /~ ,  J = 7/2 (4 + 4) l tne  at 13441.371 11% %was detected ui the galactic source W3 by Turner, Palmer and 

Zuckennan (1970) ffivrg 140 f t  telescope a t  National Astronomy Obse~vatory, Ple'b~st V i r q ; i n ~ a  



FREE RADICAL OH 
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State 2nl/2 State 2n3/2 
J r " *  F I  (Frequencies, MHz) (Frequencies, Hz) 

3 + 4  5 548.32 13 434.04 
3 1 3  5 473.87 13 434.54 

7 / 2  4 + 4 5 524.40 13 441.29 
4 1 3  5 449.95 13 441.79 

TABLE* 3-18 CEImFUGAL DISTORTION AND MAWTIC 
HYPERFINE I r n C r I O N  C O N S T r n  

Constants F r q m c k s  Wl Remarks 

1) 117.4 t 0.1 Centrifugal Distortion 
Constants 

4 108.8 t 0.5 

6 -50.7 t 0.3 

Magnetic Hyperfine 
Interaction Constqts 

Bstmbes el: al (1974) 
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i n  astrophysics and radioastronomy. This w i l l  be discussed 

i n  the "OH Radiation in  In ters te l lar  Space" Section. 

Electron Paramagnetic Resonance Spectrum: Radford (1961) was  

the f i r s t  t o  investigate the electron paramagnetic resonance 

spectrum of OH. The products of a microwave e lec t r ic  discharge 

in water vapor a t  low pressure were pumped cor i t inuo~ l y  through 

the microwave cavity of a Varian V-4500 EPR spectrometer whew 

the microwave absorption by the vapor around a 3 em wawlengei 

was measured as a function of magnetic f i e ld  strength. Tbe 

dimensions of the cavity were chosen t o  make it resonate in  

the TE mode. In these early experiments (Radfiord, 3.961, 1962) 

only the e lec t r i c  dipole type transitions between various A -  

doublet components could be identified. Later, however, m - ~  

sophisticated instrumentation led t o  the detection of a nunher 

of magnetic dipole and quadrupole transitions in addition t o  

many other e l ec t r i c  dipole transitions (Churg cmd Levy, 1970;  

Carrington and Lucas , 19 70) . In EPR, the applied magnetic 

f i e ld  removes the (25 + 1) degeneracy of the to ta l  angular 

momentum J and a .  a result each A-doublet i s  s p l i t  kinto 

(2J + 1) levels with a very small proton hyperfine s p l i t t i n g  

further superimposed. The schematic shown i n  figure 3-2 de- 

picts  the strongest paramagnetic resonance transitions, elec- 

t r i c  dipole type, identified for 160~ hyperfine zeeman sub- 

levels i n  the J = 312 level of 2~ s ta te .  These transitions 
312 

follow the selection rules aMJ = 2 1, AF = 0, a r ~ d  + ci - 

The corresponding magnetic dipole transitions which are weaker 
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MIJ m *I 

O F  ; 0 

".-2. - 

Figure 3-2 Schematic of the OH electric dipole transitions observed 
in the presence of external applied magnetic field for a 
rotational level corresponding to J = 3 / 2 .  In the 
bottom of the figure are shown two groups of lines which 
are observed at different magnetic fields. 
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(+ -t + , - -t - ; AF = 0) are not s h m  i n  figure 3-2. It rcay be 

pointed out that  higher order transitions  AM^ =: i l ;  hT = "-1) 

by nature are very weak. The e lec t r ic  dipole tl-msitians s h m  

in  the figure may form two groups corresponding t o  -> - and 

- -+ + , respectively. The proton hyperfine coupling produces a 

further doublet spl i t t ing .  Radford (1961) also obsemcd 

resonance absorption i n  several rotational levels of both the 

2n and 3n states.  Radfordls measurements confimec! many 
112 3/2 

aspects of the ea r l i e r  analysis of the pure microwave spectrm, 

provided 'g' values for  the various rotational levels, and 

led to  a m r e  complete analysis of the hyperfine coupling. 

The magnetic resonance spectrum of the 2fl S = 3/2  rota"cona1 
3/2 

level of the v = 1 vibrational s t a t e  was also studied and 

frequencies corresponding t o  zero- f ie ld  A-double t transitions 

of 211 (J = 3/2; v = 1) were determined. These here the 
3 /2 

f i r s t  microwave measurements of the excited vibration& levels 

of th i s  radical (Churg and Levy, 19 70) . 

OH RADIATION IN INTERSTELLAR SPACE 

The hydroxyl radiation in microwave region has been 

observed both i n  absorption and emission in  in ters te l lar  

space. 

OH Microwave Absorption in the Interstellar Space: OH a free 

radical i n  in ters te l lar  space was f i r s t  detected by \Veinre{? 

e t  al (1963) through microwave absomtion. Using 84-fact 

radiotelescope a t  M. I .T. and looking i n  the di~rection of the 
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s t m g  galactic source Cassiopeia - A, these authors detected 

a s i p i f i m t  micrawave absorption a t  1667 M-Iz which was 

attfibuted to CH. It  was the fateful  evening of 15 October 

B63 .  Hardly a month a f t e r  the M. I. T. discovery, on 

20 Noveder 1963, Bolton e t  61 (1964),in Australia detected 

&lydmxyl absorptian a t  two frequencies 1665 and 1667 MIz in 

the d j recx im  of another strong galactic source - Sagittarius 

us ing  ;a 210- foot radiotelescope. Three weeks l a t e r  Dieter and 

Ewen '(1954) of Harvard, using the U.S. Air Force 84-foot radio- 

telescope m f i ~ i ~ e d  the presence of CH i n  both the directions 

of G a s s i v i a  and Sagittarius. In the same week, Weaver and 

Williams (1964) a t  Berkeley observed hydroxyl absorption in 

the direction of the galactic center. As soon as the CH 

hsorptions at 1665 and 1667 MIz were discovered, efforts  

=-re made to detect absorptions a t  the other two radio lines 

at "cB2 and 1720 kHz in CH. In April 1964, both these lines 

were actually detected i n  the direction of Sagittarius by an 

14~traliaak group. During the same period while surveying the 

hydrox,,l absonption i n  the direction of Sagittarius over a 

wider frequency range, Goldstein e t  a1 (1964) had also iden- 

tified the higher frequency l ine ,  1720 Hz. All these four 

En?queaenries conespond t o  the CH elect r ic  dipole transitions. 

Table 3-19 providles the laboratory data of these lines. 

These new discoveries brought t o  l ight  a new anomaly. 

7'%?eontical calct~lations and l a t e r  laboratory measurements, 

given in tiable 3-19 shaved that the relative intensity of 
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OF OH REST FREQUENCIES 

Transition Frequency (MHz) Relative Intensi ty 

F = 1 - + 2  1612.231+2 L 

F = 2 - + 1  1720.53322 1 
* 
Radford (1964) 

absorption a t  the four OH l ines are i n  the r a t i o  1:s :9 :1 for  

the l ines a t  16112, 1665, 1667 and 1720 Mlz ,  respectively. 

The actual absorptions recorded put the intensi ty ratios at  

1:2; 2:2 and 7: l  of the respective l ines  1612/'1665, L665/1667 

and 1667/1720 for  the strong Sagit tar ius absorption. 'Fhese 

rat ios are incompatible with simple self-abso~@ion effects  

and imply unusual physical conditions a t  the galact ic  center. 

Also, it was found tha t  the ra t ios  vary i n  different  parts  of 

the galaxy (Gardner e t  a l ,  1964; McGee e t  a l ,  1965) . 013 i s  

naw k n m  t o  be extremely widespread and p r o l i f i c  within the 

galaxy and t o  ex is t  outside. I t  has been seen i n  absoqtion 

i n  the cool neutral hydrogen of H I regions and both iii absorp- 

t ion  and emission i n  the ho t t e r  ionized H I1 regions of the 

sp i r a l  arms. It is also present i n  many dark dust clouds 

where it i s  more abundant than hydrogen. A recent survey 

(Turner 1972) has added about 180 new sources comprising 424 

clouds from 264 directions searched. 
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013 Fhcrowoire Emission for Galactic Sources: Hydroxyl microwave 

emission horn galactic sources was f i r s t  observed in  h e  1964 

by Aus-trdian astronomers (McGee e t  a1 1965) . I t  was a narrow 

intense cic.rowaue emission l ine  to  the side of an absorption 

l ine a t  1655 Hi:. The effect ,  however, was apparently thought 

t3 be an instmlental  effect and was not flashed immediately. 

Later, this en-ission was confirmed by the Harvard and Berkeley 

groqs  in U,S.A. [Gundermann (1965) - Harvard; Weaver e t  a1 

(2965) - Serkeley .] 

The characteristic features of th is  emission were so un- 

e:ipected .hat the Berkeley astronomrs nicknamed the l ine  

'bfysterimYn order t o  dramatize its importance. Out of the 

four GI; t ~ ~ i t i o n s  identified in galactic absorption, the 

emission line a t  1665 MHz was a narrow strong l ine  and the 

other three emission lines were unexpectedly much weaker. De- 

partures by several orders of magnitude from the expected in- 

tensity ratios dere noted. Pnother curious fact about this OH 

*mission \.,as i t s  location within the galaxy. I t  was heavily 

biased 'sy the observational selection. I t  was not widely dis- 

rrY~uted throu@out the galaxy as i s  the case with the 2 1  crn 

line of atomic hydrogen. I t  was found only i n  isolated posi- 

tions fiear H PI r e g i a s  . In H I1 regions which are aroilnd the 

113t s ta r s ,  the hydrogen i s  almost completely ionized. Such 

regloas arz c1ose1y confined to  tfie galactic equator. A t  the 

sites o-C i!B mission, the medium is very intense by interstel-  

l a r  stmiiards. These seem to be confined t o  the atmosphere's 



OBSERVED SPECTRA 

cool-young-stars o r  the proto-stars on t h e i r  way t o  Secoming 

s t a r s .  

The radiation shows strong l inear  polariza.tion an2 in 

some cases c i rcu lar  polarization. The peculiar beha-b or of 

the OH emission l ines  with regard t o  t he i r  intensi ty r a t io  

and the s t a t e  of polarization have presented many nehr questions 

about the constitution and s t a t e  of excitation of molecules i n  

i n t e r s t e l l a r  space. No thermal emission from OH emission 

galact ic  sources has so  f a r  been detected. I t  i s  only f i e  non- 

thermal emission with most curious properties both with regarc* 

t o  intensi ty as well as polarization tha t  has been seen in the 

direction of a score of galact ic  s i t e s .  Dickinson and Turner 

(1972) have attempted t o  propose a broad classif icat ion or' the 

various OH galact ic  sources. 

Most attempts t o  explain the OH observational resul ts  

have centered around some kind of population inversion of 

the energy levels ,  and various pumping m&anisms have been 

invoked in an attempt t o  devise a hypothetical ce l e s t i a l  OH 

maser to, explain the observations. The suggested schemes for  

radiation pumping include the use of u l t rav io le t  (Cook, 1966; 

Perkins e t  a l ,  1966; Litvak e t  a l ,  1966) ; infrared (SH<lovskiE, 

1966; Litvak, 1969); and radio Gogers, 1967) radiations a s  a 

mans of creating population inversions. None of these 

schemes, however, can sa t i s fac tor i ly  account f o r  a l l  the ob- 

served resul ts  with regards t o  anomalies of both the i n t e n s i ~  

and polarization. Pertinent data about the excited s"ctes of 
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OH md t he i r  sources of emission i n  in t e r s t e l l a r  space as 

s m a r i z e d  by Litvak (1972) are presented in table 3-20 for  

ready re refence ce. 

For the most comprehensive study of the radiat ive pro- 

cesses of @I i n  i n t e r s t e l l a r  space and other galact ic  sources, 

the readers are referred t o  a few review a r t i c l e s  (Cook, 1969; 

Litvakiic, 1972; Robinson and McGee, 1967; and Barret t ,  1967). 
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Energy above Relative Signal  
grmd s t a t e  Frequency l i n e  strength 

CH excited s t a t e  (on1) Wz) strength (f.u.) Source 

2n3/2(~ a 5/21 84 &man s p l i t t i n g  B = 10.'~. 

Population= 0.1 x ground s t a t e  

population. 

Far IR + nea r  W pmping 

("I13 1 0 ~ ~ 6 ~ )  

Coll is ional  excitat ion of 

rotat ion (Tkr;lOODK, emitting 

area 117 arc2sec; 
~ ~ 1 1 ;  1017 on-2). 

Far I R  c q l i n ~  of ground 

s t a t e  and excited s t a t e  

population inversions. 

2n l /2 (~  = 1/21 126 
F = 1-1 4750.656 2 Far I R  + near W punping 

[correlat ion of 4765 and 

14 4765.562 1 3.1, W3(011),!V49, 1720 Mir emissim).  

0.1.0.3 Sgr B2, NGC 

633412 

0+1 4660.242 1 0.7 SgrB2  Far IR coupling 

2"1/2(~ = 3/21 188 Not Coll is ional  excitat ion of 
detected ye t  rotat ion,  anti- inversion of 

F = 2-2 7azo.i2s~o.oos 9 <o.z ws(a1) doublet. 

kl 7761.747 5 

1+2 7831.962 1 

2-1 7749.909 1 

2 89 Not 

detected yet  
F = 5+3 8189.58650.005 20 -0.3 W3(flt) 

2-2 8135.868 14 

2-3 8118.052 1 

512 8207.401 1 

'ny2(J = 912) 355 
F = 5-5 23826.6 54 Not 

4 4  23817.6 44 detected yet  

5 4  23805.4 1 

4-5 23838.8 1 

Coll is ional  excitat ion of 
rotat ion Crk>l0OoK), far IR 

cwpl ing  t o  2n3/2(.~ = 5/21, 
F = 513) population inversion. 

Far TR pumping (153 on-') 

via 2n,12(~ = 9/2),  overlap of 

hyperfine s p l i t  IR l ines i n  

upper douhlet only. 

Coll is ion excitat ion of 

rotation-anti -inverted 

d a b l e t .  

Wear infrared pumping. 





DISSOCIATION AND IONIZATION PROCESSES IN OH 

The significance of dissociation energies m d  ionization 

potentials of diatomic molecules is well recognized the 

domain of planetary optics and a variety of other applied 

disciplines of science. These values are, + a way, the 

building bricks with which more complex structures mzy be 

bui l t .  Ionization of molecules without dissociation has a 

simplicity comparable with atomic ionization. Once the mole- 

cular bonds are broken, the processes, and thei r  intelpreta- 

t ion become more complex. 

Predissociation is another important spect~wscopic phe- 

nomenon which in some cases precedes dissociation. I t  causes 

intensity anomalies in  the spectral features which 1~ turn 

have strong bearing on the relat ive disposition of iisriom 

electronic states of the molecule concerned. 

In what follows, we discuss the salient  features of these 

phenomena in general in the beginning and thereafter with 

special reference t o  CII. 

DISSOCIATION ENERGIES AND LIMITS 

Accurate determination of the dissociation of diatomic 

molecules i s  of fundamental importance in many applications. 

These values are really useful in formulating reaction schemes 

representing various radiative or  non-radiat ive phenomena . 
The dissociation energy of a diatomic molecule (Dg) is t h e  

eneTgy required t o  dissociate the molecule into n o m i  at- 



74 FREE RADICAL OH 

from the lowest :rotation-vibration level (J = 9; v = 0) of 

the ground elect:ronic s ta te .  This term, as such, can 

be applied to  d:l other stable electronic states as well. 

%nus ,every s t a t e  has a unique dissociation energy which repre- 

sents the energy required t o  dissociate the molecule in that 

electronic s t a t e  (v = 0 ;  J = 9) into the two constituent 

atoms. in general, the precise value of dissociation energy 

ef a molecule i s  more di f f icul t  t o  determine than the ioni- 

zation potential,  This i s  mainly because of the problems 

associated with the experiment and the interpretation. The 

method usually employed to  determine dissociation energy 

values of the various mlecules are summarized i n  table 4-1. 

TABLE 4-1 METHODS OF DETERMINATION OF 

DISSOCIATION ENERGIES OF MOLECULES 

Spectroscopic Methods Non-Spectroscopic Methods 

Continuous Spectra 4 Band Thermal and Thermochemical 

Convergence L h l t  

Sirge-sponer Extrapolation Electron- Impact and Mass 

?redissociation Limit Spectrometric 

Atomic Fluorescerice 

Mthough the non-spectroscopic methods are not primarily 

spectroscopic, the thread of spectroscopy does run through 

practically a l l  the interpretations. In electron impact 

methods, 3ne uses the Franck-Condon principle and has t o  
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deal with the potential energy curves and also the excitation 

s t a t e  of the dissociation products. I'n thermal and mass 

spectrometric work, one needs the s t a t i s t i c a l  weights of the 

atomic and molecular s ta tes .  In some of the thermal methods 

quantitative spectroscopic methods are used to  deternine con- 

centrations of molecular .species. For a detailed account of 

the applicability and the relative merits and demerits of  

these different techniques one i s  referred t o  t17e book 

Dissociation Energies by Gaydon (1968). 

Dissociation energies of the different electronic staees 

of the OH molecule have been determined primarily by employing 

spectroscopic techniques, and it would be possil~le to estimate 

only the approximate values i n  the absence of any apparent 

convergence limits. ?he following D: values, however. my  be 

regarded as more rel iable (Carlone and Dalby, 1969a) md are 

summarized in table 4-2. 

TABLE 4-2* DISSOCIATION ENERGIES AND DISSOCIATION 

LIMITS OF ELECTRONIC STATES OF OH 

Dissociation Dissociation 
Electronic Ener i e s  (D:) Limits f )  Dissociation 
States (an- (an-l) Products 

c2c+ 29418215 117679 0 ( 2 ~ )  +W (2S> 

B ~ C +  1 3 6 0 ~  69212.3C15 0 +H C2S) 

A ~ C +  1884721s 51287.6+15 o ( l e > + - ~ ~ ~ s >  

X2ni(X2n3,2) 35420215 35419.9~15 o (3P) +H (2S) 

t 
Carlone and Dalby (1969a) 

'1n view of the fact  that  the B s t a t e  i s  very shallow md the 
isotope relations are invoked, it has been dj-fficult to 
assess the range of error. 
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PREDISSOCIATION AND OH SPECTRUM 

Predi ssociation, in  a way, i s  the molecular analogue of 

"Auger Precess'" i n  atomic spectroscopy. Although the appear- 

ance of this  effect i s  not frequent, a t  leas t  i n  the spectra 

of diatomics, it i s  significant i n  i t s  own way both theoreti- 

cally and from a practical viewpoint. Observations of pre- 

dissociation quite often lead t o  very precise estimations 

3f dissociation energies and in almost a l l  cases, they 

a t  leas t  se t  maximLrm limits for the Dg values of the 

noiecules , The appearance of predissociation in  the spectral 

s t m c t w e  enables us to  have a better  insight into the inter-  

action of different energy s ta tes  of a molecule. Predissocia- 

.",ion data have Seen used t o  determine the actual forms of 

repulsive electronic states in  a number of cases. Predissocia- 

tion transition probabilities and lifetimes can be converted 

into the respective oscil lator strengths and thereby, could 

be -iisefil t o  understand different radiative processes in 

p la~e tasy  atmospIieres. Predissociation normally manifests 

i t s e l f  in an actual spectrum either as an abrupt breaking 

off or termination of the band structure beyond a certain 

stage in the system in the ccas of emission. Also, the 

predissociation causes the diffuseness or  blurring in the 

X 
"Auger Process" signifies a phenomenon in atomic spectra 
when a radiationless process takes place from a discrete 
energy s t a te  into the continuum of almost the same energy, 
leading to  a sadiationless decomposition of the atom into a 
positive ion and an electron. 
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band structure beyond a certain stage in  the system in the 

case of absorption. The former, however, i s  a more rel iable 

t e s t  for  the occurrence of the phenomenon of predissociation. 

In theoretical framework, th i s  phenomenon i s  understood 

in terms of radiationless (or non-adiabatic) transitior, from 

a stable excited s t a t e  of the molecule into a continuum of 

another unstable s t a t e  of almost the same energy. This leads 

the molecule to  a spontaneous dissociation. I f  this  t r w s i t i m  

occurs i n  a lifetime that  i s  of the order of the rotataonal 

period (say 10-11 sec) , the rotational energy which cortrols 

the rotationdl structure no longer remains s t r i c t l y  qii~ntized 

and the rotational structure becomes ill-defined . Because, 

however, vibrational frequencies are normally 1 0  t o  10C times 

greater than the rotation frequencies, the vibrational 

energies which determine the gross structure of tiye systen 

remain unaffected and the vibrational structure of the 

system remains intact. In borderline cases the rotational 

lines are simply broadened and the predissociatiorl effect 

may not be clearly evident from the spectrum. Therefore, 

for  a nice manifestation of predissociation effect ,  the 

radiationless trans it ion should occur rapidly enough t o  give 

sufficient l ine  broadening. Yet, even i f  this  radiation- 

less transition occurs a t  say 10 times the rate of sponta~eous 

emission, most of the molecules i n  the f i r s t  excited state w l l i  

pass over the second s t a t e  and become dissociated, Although 

in  such a case there may not be any apparent diffuseness m 
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the &sorp"con bands, emission bands wi l l  be drastically re- 

duced in intensity since most of the molecules w i l l  not 

survive in the f i r s t  excited s ta te  long enough t o  radiate 

spontaneously, Thus, breaking off the bands i n  the emission 

s p e c t m  i s  more sensitive a t e s t  of predissociation than i s  

diffmeness i n  absorption. I t  may be pointed out, however, 

that there w i l l  be no such breaking off in  the thermal 

emission bands even though predissociation may be present. 

In thermal equilibrium, the population of the rotational 

levels of the upper s t a t e  is also determined by the Boltzmann 

factor and so the rider of predissociating molecules i s  

exactly campensated'by an equal number of new molecules 

fonned by the inverse process. There i s  however, a broaden- 

ing of rotational structure just as in absorption. Similar 

effects are observed a t  sufficiently high pressures. In such 

circumstances, there is no thermal equilibrium. The breaking- 

off of band structure is suppressed due to  quenching by the 

non-predissociated molecules by collisions. These considera- 

tions i ~ ~ d i c a t e  that in  order t o  detect weak predissociations, 

it i s  necessa-ry to  investigate discharge spectra a t  low 

pressures. Also, the energy considerations suggest that  the 

possibiliey of predissociation occurring for a l l  the discrete 

molecular states that  l i e  above the lowest dissociation 

limit is not a relatively frequent phenomenon, especially i n  

diatornics. This is most probably because the probability 

of a radiationless transition into the dissociating s t a t e  
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i s  wual ly  so small that  long before the decomposition would 

have taken place, the molecule has already passed into ;a kwer 

lying discrete s t a t e  w i t h  the emission of  radia t im.  For the 

radiationless transition probability t o  be large enough to 

ntake predissociation feasible, there are certain se lec t im 

rules which must be satikfied. In addition t o  the selection 

rules given below, the conditions of energy discussed hove 

should also be met. The selection rules for the two palrkici- 

pating s ta tes ,  knm as Kronig's selection rules,  for  my 

coupling condition are 

In Hund case (a) and (b) , the additional se lec t iond rules, 

AS = 0 and AA = 0, 5 1, 

have to  be sat isf ied.  I f  both states belong t o  FImd case (ts) 

or  both to case (b), the respective selection n d e s  are 

A x  ='O and AN = 0. 

In Hund case (c) the rules AS = 0 and AA = 0, 2 1. are re- 

placed by As2 = 0, + 1. Further, although the Kronig's selec- 

tion rules r e s t r i c t  the. possibility of considerable acalrPence 

of predissociation, they are not sufficient  t o  exclude t he  

theoreticdl possibility of i t s  occurrence i n  a l l  cases, The 

Franck-Condon principle plays an equally important role in 

this  context. According t o  this  principle, prediss ociation 



80 FREE RADICAL OH 

1s mre probable i f  the potential curves of the participating 

states intersect or a t  leas t  come very close t o  one another. 

Then it i s  on:Ly i n  such a case that  a transition t o  the 

d i s s~c la t ing  s t a t e  is possible without an appreciable al tera-  

tlon of posit ion and momentum, thus allowing a decomposition 

of the nolecule t o  take place. Naturally the transition does 

rake place only when the molecule i s  i n  the neighborhood of 

the  porat of intersection. Summarizing, it i s  combined effect 

of t h e  three factors, proximity of energy, selection rules, 

and the Franclc-Condon principle that  determines the occurrence 

of  plredissociation. Corresponding t o  the three forms of energy 

of a nolecule, three cases of predissociation are possible. 

Case 1 - Predissociation by electronic transition 

Case 2 - Predissociation by vibration 

Case 3 - Predissociation by rotation 

Case I. . Predissociation by Electronic Transition: The radia- 

tionless transition takes place between the discrete levels of 

one electronic s t a t e  and the dissociation continuum belonging 

t o  a~r,o"Ler electronic s ta te .  This type of predissociation i s  

the m a t  comon1y observed i n  diatomics and applies wheiiever 

the band structure becomes diffuse or breaks off a t  a djstance 

from %he point of convergence of the band system. 

Case 2 - Predissociation by Vibration: This applies only t o  

polya-i-omic molecules and has been of considerable importance 

In thax area. Most unimolecular decompositions belong to th is  
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case. Here a radiationless transit ion takes place in  the 

continuum associated with a different vibration within the same 

electronic s ta te .  

Case 3 - Predissociation by Rotation: This i s  applicable t o  

both types of molecules but so far  it has been observed only 

i n  certain cases of diatomics. I t  occurs for Lbose vibrational 

levels of an electronic s t a t e  that  l i e  i n  the neig\bohmd o f  

the dissociation l imit ,  since the higher rotational levels of 

such vibrational levels can l i e  above the dissociation limit. 

This case i s  most readily observed when the dissocia"c.zon energy 

of the s t a t e  i s  quite small. I t  may be pointed out that s m -  

times it i s  not possible t o  distinguish between Case I a d  3 .  

In a stable type electronic s t a t e  of a diatomic molecule, 

the potential curves without rotation shows a pronounced 

minimum. This minimum becomes less and less marked m d  

f inally disappears altogether for the higher rotatiional levels. 

The electronic s t a t e  wi l l  not have a minimum corresponding to 

such higher J values and w i l l  be rotationally mstahl e .  Exci- 

tation t o  such higher rotational levels may thus lead t o  

dissociation of the molecule. The onset of the predissociation 

of the molecule by rotation, therefore, does not correspowl. t o  

the dissociation limit. 

In the case of the electronic spectrum of OH, the 

following three cases of predissociation have been reverted, 

I. A sudden decrease i n  the intensity of emission lines 

originating from higher J levels of v L 2 in t h e  system 
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A ZL* - Zni The F1 spin component was mre strpngly 

affected than the other component F2 for both the vibrational 

levels vV = 0 and v' = 1. The predissociation effect  se ts  i n  

irromd \J" 2 ,  This was f i r s t  reported by Gaydon and Wollfran 

(195'i>. 11. O f  the eight bands (1,4) , (1,s) , (1,6) , (1,9) , 

{0,5) , (0 ,Sj , (0,7) , and (0,8) photographed (Carlone and Dalby , 

1969a) i n  the system B 2c+ - A 2c+, only (1,4), (0,8), and 

[1,9) appeared sharper; the res t  appeared diffused. The rota- 

tional lines were found t o  be much increased in  width which 

could not be accounted for  by temperature, collision, stark 

broadening, or some peculiar mode of formation of OH. The 

predissockation effect was found t o  s e t  i n  around v' = 5 and 

svas reported f i r s t  by Carlone and Dalby (1969a). 111. In 

system B 2 ~ c +  - A 2 ~ + ,  a breaking-off was observed of the rota- 

t i m a  levels at P(16) and R(14) for the band (0,7) and P(9) , 

and R(7) for the band (1,6) and (1,9), respectively. This was 

reported by Felenbok (1963) . 
in the preclisssciation cases I and I1 cited above, the 

s t a t e  A r ~ "  i s  the common s ta te .  The predissociation in the 

A 2c* m u s t  be caused by a molecular s t a t e  arising from the 

normal atoms O I") and H(2S). In the ground s t a te  configura- 

tion, according to  Winger and Witner rules, the only possible 

states are ' n ,  'c-, '+n, and '+c-. The 2n s t a t e  is the ground 

s t a te  c d  i t s  potential cunre does not cross that  of A 2 ~ + ,  

%I, and %-, Consequently, only weak effects are expected. 

in these circ~nnstances the interaction of the '+c- s t a t e ,  the 
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closest among the three with X 2n near v1 = 2 a"t > T e '  

appears to  be responsible for the weak predissociation reported 

by Gaydon and Kopp (1971); and Sutherland and Anderson (1373) . 
This also accounts for the different strengths of the levels 

from the F1 and F2 components. '~ ichels  and Harris (19691 have 

used configuration - interaction calculations to  obtain poten- 

t i a l  energy curves of OH for a l l  s tates arising from nonnal 

atom. They found that  the order of the states in increasing 

energy i s  4 ~ -  < 2 ~ -  < 4n and the 4 ~ -  s t a t e  crosses the s t a t e  

2 ~ -  on the outer limb a t  a point .somewhere above dze level 

v' = 2. To account for the stronger predissociation as re- 

ported by Carlone and Dalby (1969a) , the following three 

hypothesis have been put fomard. 

a. Since none of the 4n ,  2 ~ - ,  or 4 ~ -  can account for the 

strong predissociation, the ground s t a te  2n could also be 

involved since interaction between 2 ~ f  and 2rr i s  expected t o  

lead to  strong effects. 

b. Predissociation might occur in two steps: tirst 

through the 2n s t a t e  and then t o  the 2c- s t a t e .  I t  is 

possible that the X 2fl s t a t e  comes sufficiently close to 

A ZE' near v1 = 5 a t  r < re and the predissociation takes 

place through the X 2n s ta te .  However, in  the case khen 2ri 

i s  a predissociation s t a t e ,  a l inear dependence on J i s  

expected which i s  not actually observed. Alternatively, may 

be the 411 s t a t e  whose interaction with the A 2 ~ C  aromd 

v' = 5 a t  r > re might cause strong predissociation. 
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1a"Lrac"con with 2 ~ -  i s  less probable since 4n s t a t e  i s  

oelieved t o  be the least  s table (Czarny e t  a1,1971). The 

contention of Gzarny e t  a1 that  th i s  stronger predissociation 

:s caused by the interaction with the 4~ s t a t e  i s  based on the 

comparisor between observed and calculated l ine widths. 

c ,  In this  case, the predissociation as reported by 

ZeLenbok (1963) comes under the category ' Predissociation 

by Rotation', B-reaking-off of the rotational lines of the 

B 2 ~ T  - A ZC' system was observed a t  P(16) and R(14) for  the 

bard (0,7j m d  at  P(9) and R(7) for the bands (1,6) and (1,9), 

respectivsly. All the selection rules of Kronig are applicable 

to -this case, as is usually the case i n  "Predissociation by 

Rotation, " 

IvIolecular Ionization Potential 

h precise knowledge of the ionization potentials of 

molecules i s  quite often very useful i n  understanding aero- 

nomical as wela as many physical and chemical problems. The 

term s i g ~ a f i e s  the difference in  energy between the grolmd 

s ta te  o f  the molecular ion (v = 0 ,  J = Q) and the ground 

s ta te  of the neutral molecule. 

T t i i s  also possible for molecules t o  become ionizec! arld 

to a f irs t  approximation, this  i s  equivalent t o  the process 

of  ionizing an atom. An inf in i te  nunher of electronic states 

exist folc each electron in  a mlecule and the transition t o  

these sta tes  gives r i se  t o  a Rydberg series which i s  repre- 

sented $11 wavenusrber by the relation (Bauman, 1966) 
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where, hcA is the ionization energy, n is a mming index (or 

principal quantum number of electrons) ,  and a is  a correct~on 

term. Such Rydberg ser ies  generally f a l l  i n  tne vacun.mil ul tra-  

v io le t  region for  diatomics and are not observed. Eey may be 

hidden by a cofitinuum aris ing from dissociat ioi~ of the mololecdle 

i n  one of the low lying s ta tes .  

Molecular ionization potentials are normally determined 

experimentally by electron impact, photoionizatzon, and 

spectroscopic rnethods . The precision of ionizaticm potential 

determinations by electron impact methods rare Ly exceeds 

k 0.1 eV, due mostly t o  the rather  large energy spread In  the 

ionizing electron beams used i n  these experimen1.s. In photo- 

ionization mthods, the precision n o n a l l y  attained 1s + 0,01 
0 

eV corresponding approximately t o  an e x i t  beam half  waditlh -Us 

These techniques are ,  however, being improved. While tke 

spectroscopic nethods are capable of greatly irproved accuracy . 

usually of the order of + 0.001 eV, and depend on the identi-  

f icat ion of Rydberg ser ies  l i m i t ,  no spectroscopic value of 

ionization potential  of CH is knaun. The currently accepted 

value of 13.17 + 0.1 eV for  the f i r s t  ionization po"ten"L-al of 

OH is  based on the electron impact data and tabulated in the 

Handbook of Chemistry and Physics (Weast , 1970) . By Inass 

spectrometry, however, the reported value is 13.18 eV (Foner 

and Hudson, 1956). 
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Solution to  many aeronomical problems i s  sought through 

the diagnostic study of upper atmospheres by using the 

methods of quantitative spectroscopy. A wide range of aero- 

nomical phenomena, for example, cold a i r  absorption, hot a i r  

absorption, aurora, dayglow, nightglow, and twilight, e tc , ,  

have been investigated through these channels. In recent 

years the increased use of rocket, balloon, and s a t e l l i t e  

techniques has immensely extended the applicability and 

eificacy of these methods t o  other planetary atmosphel-es. 

Intensity of absorption or  emission a t  different Ere- 

quencies i s  the basic observable quantity i n  a l l  such lnvesti- 

gations. Theoretically, the most dominating parmeter in con- 

troll ing the intensity of a radiative molecular transition, 

apart from the molecular population factor, i s  tile transition. 

strength matrix element S. This parameter i s  the main con- 

necting l i nk  of other useful molecular parameters l ike 

Einstein A and B coefficients, l inear absorption cross 

sections, photon mean free paths, optical paths , oscil lator 

strengths, and radiative lifetimes which are frequently 

used diagnostically to  determine the aeronomical! condi ticns, 

Frandc-Condon Factors (Qvrv,,) , ?-centroids (Gv Q,F, j and 
J' Hiinl- ond don factors S ,, are the theoretically computable 
J 

quantities which determine the "transition strengths'kof the 

mlecular features. In the analysis of data on molecular 

band systems such computations have already provided a fund 
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of  useful physical information for the understanding of 

m y  aeronomical and astrophysical problems. 

Trie present section deals with brief  outlines of the 

basic theory of molecular absorption, relat ive importance of 

.the different molecular parameters controlling the intensit ies 

o f  inolecuiar transitions, and the relevant data i n  respect to  

a l l  these parameters as applied to the molecule OH. 

?p,e "probability" or qlstrengthll of a radiative transition 

i n  a molecule i s  a very fundamental molecular parameter, 

sig3iifican-t in both theory and application. The property i s  

a importantin the domain of molecular quantum theory as it 

is usefu-ul in the application of quantitative spectroscopic 

data t o  various radiative phenomena. "Transition probabili- 

ties" mustbe known i n  any treatment involving radiative 

transfer properties. A knowledge of these values i n  respect 

to different transitions is quite useful i n  determining 

relative &undar~ces of different atomic and molecular species 

in  a system and the i r  concentrations in specific quantum 

states teiide~ non-equilibrium conditions such a s  in flames, 

discharges, hot blasts  and s t e l l a r  atmospheres , e t c  . They 

are eqm.lly useful i n  determining different "spectroscopic 

tenaperati~res~', The rel iable values of transition prob- 

abi l i t ies  are crucially important in cases where one i s  inter-  

ested in the competition between different radiative and 
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non-radiative processes such as collisional deactivs tion, 

predissociation, and chemical reaction. 

Transition probabilities are closely linked with various 

other important molecular parameters, namely, Einstesn A- 

coefficient of spontaneous emission; Einstein B-coefficient 

for induced absorption as well as induced or stimulated 

emission (B12 = B21); linear absorption coefficient; molecular 

or atomic absorption cross section; photon flux or intensity; 

optical path of absorption; oscillator strengt1.i; mci radiative 

lifetimes. Once we know the "transition probability'" or 

Lhe "transition strength!', we can calculate all the ocher 

parameters and use them in different contexts. As a matter 

of fact, all these spectroscopic parameters hare proved 

diagnostically very useful, at one stage or the other, in 

determining numerous aeronomical conditions and conhur > " '  ~ m r ~  

processes, According to quantum mechanical form;tlatian, 

71 n -k m the intensity of a spectrum line due to a transitio, 

can be expressed as follows (Herzberg, 1950) : 

where Nn is the total nuniber of molecules or atoms in the 

initial upperstaten, hcv = Emis the energy invoZiind i7 nm 
the transition n -+ m, and & is the radiative trmsitio~ 
probability for spontaneous emission (n -+ m) or Eiastein - 
A-coefficient . For a dipole transition, 
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(5-2) 

;&ere /<n / Me / m > (  i s  called matrix element of the e lect r ic  

dipole moment ble f Cohining (5-1) and (5-2) we get, 

Here, I-! i s  a constant and Sm i s  called the "transition 

stsengtb" of the transition n -+ m. 

Similarly, for absorption, we can obtain the expression 

(Herzberg, 3.950) 

N Ax hvnm Bm Im (absorption) = Io(m) (5-4) 

ahere I is the intensity of the incident radiation a t  
5 t-m 

v Nm i s  the to ta l  number of molecules in  the i n i t i a l  lower m' 

s ta te  m, vpA is  the wavenumber of the absorption l ine ,  Ax i s  

the thicicness of the absorbing layeg and Bmn i s  the radiative 

"cmsition probability for  the induced absorption (m -+ n) 

o r  Ehs"rin B-coefficient. - 

X ~ l e  to ta l  e lect r ic  dipole moment M of a molecule can be 
resolved into two contributions M and %, one arising f~om 
the molecular electrons and the ofher a r ~ s i n g  from nuclei 
such tha t  M = Me + %. 
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Again, for a dipole transition 

where I < n I Me 1 m > I has the same concept as in miss ion, 
Substituting this vdue of Bm in equation (5-41, we get 

8 1 ~  2 Im (absorption) = - 
3h2c' 'O(m) 

Ax Nm Em I ( n  1 Me / m$ / 

where K is another constant involving I 
0 (m) 

and the geometry 

of the system. Under normal conditions Nn << N ,  and there- 

fore, the contribution of stimulated emission is i n s  ignificmt 

while considering these intensity parameters. 

From the above discussion, it is evident that the most 

dominant parameter controlling a radiative transition, whether 

absorptive or emissive, is the transition strength Sml. in 

the case of molecules, because a number of internal degrees 

of freedom exist that can influence the "transition strengthtv 

of a molecular spectral feature, Sm actually should cover all 

the different energy states. Therefore, 
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xI-&ere n rand m represent the upper and lower electronic s ta tes ,  
1 I I 

V~ md vVP are the vibrational quantum numbers, J and J are 

the quantran n d e r s  of the component of electronic angular 
I 1 1  

mamentm along the internuclear axis, and M and M are the 

r~age t i c .  quantum numbers and refer t o  the component of J in  

the direction of an externally applied magnetic f ield.  (In 

a11 these quantum numbers, single primes refer  to  the upper . . 

levels and double primes t o  the lower levels.) 

(5-8) 

Furthenaore, when it i s  possible t o  average this  expression 

over the rotational sub-structure of a (vt,v") band, as i s  

uslal ly the case i n  astrophysical observations, the transition . . 

strength of a (v\vV) electronic band or the "Band Strength" 

can be expressed as: 
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where Re (r) = qn Me+m die, and Y and Y are the elec- J * n m 
t ronic waveflmctions of the e l ec t r i c  dipole moment )fa. If - 
Re(r) is independent of r, equation (5-9) becomes 

In a r e a l i s t i c  case, Re(r) may vary with r i n  a polynomial 

fashion, 

Then s f  = I JCt ?an rn +v,q dr i 2  (5-111 

Now, if we introduce a term FVtvn characterized by thc 

following relat ions obtained by the F-centroid approximation 

(Fraser, 1954a, b; Drake and Nicholls , 1969) : 

and 

(5-13) 
9 

then, Equation (5-11) takes the form 
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In -this expression for the "Band Strengtli' of a (vrv") band, 

the quantities Tv,$, and Qv,Vlf are called the ?-centroid 

axd Frmck-Condon factor for a (v'v") transition, respective- 

ly. The term rvVv,, represents the average characteristic 

cineemclear separation associated with a particular transi- 

tion (vPv"] or  i n  other words, it is the weighted average 
I I '  

with respect to  Yv Yv of the range of r values experienced by 

a molecule in  both the s ta tes  of (v ' ,  v") transition. I t  i s  

also the ;-coordinate of the centroid of the area represented 

by the overlap integral from which i t s  nomenclature i s  derived. 

The tern qVTV,, s ignifies the extent of overlap of the two 

vibrational wavefunctions involved in a (v ' ,  v") transition 

OK in otrier words, it i s  a measure of the relat ive probability 

" c h a t  a (vVv") transition would take place. The Franck-Condon 

principle predicts a particular (v'v") transition t o  be more 

probably on the basis of the extent of such a vibrational 

function overlap. I t  i s  because of this  close association 

with the Franck- Condon principle that QVIVll values are temed 

as Frmck- Condon factors. 

Felenbok (1963) calculated both the Franck-Condon factors 

and the ;-centroids in respect to  various electronic transi-  

t lons for OH and OD. Arrays of these parameters for  a l l  the 

h o r n  band systems of OH are presented i n  tables 5-1 through 

5-8, %rse waiiefunctions have been assumed as valid i n  the 

case of a i l  the involved electronic states.  



--- - - --- 
N o t e  a . b - x  = a . b  ~ l o - '  



5 -0.599 1.625 0.543 0.798 1.012 1.207 1.421 1.596 1.819 2.140 4.600 1.429 1.383 

6 -1.344 -0,282 0,385 0.608 0.893 1.050 1.378 1.468 1.643 1.836 2.010 0.874 1.106 

7 -3.676 -0.739 0,118 0,469 0.743 0.938 1.128 1.309 1.520 1.681 1.894 2.153 1.156 

8 1.935 0.755 0.568 0.431 0.525 0.857 1.002 1.183 1.366 1,594 1.734 1.923 1.013 

9 5.070 -0.765 -2.034 0.376 0.298 0.773 0.897 1.080 1.303 1.432 1.709 1.796 0.916 

10 5.922 -2.370 -2.008 0.094 0.250 0.646 0.816 0.997 1.167 1.320 1.506 1.293 0.856 
n 

hbte: Negative ;-values are the numerically calculated values. They do not convey any physical meaning. 
a 
m 
m 
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FREE RADICAL OH 

OSCILLATOR STRENGTHS 

Electmnic transition probabilities are often expressed 

In t e r n  01 mother molecular parameter called "Oscillator 

Strength'' or the f-value. Tlg? tern "f" (oscillator strength) 

odes i t s  genesis to the classical dispersion theory of 

im~ecular refraction but i n  the context of radiative energy 

transfer it is defined as the ra t io  of the experimental value 

~5 the "cmsition probability for a particular transition t o  a 

certain reference ideal value of transition pmbability . For 

m eelectromc transition, th i s  reference value i s  taken t o  be 

tL;e value predicted on the assumption that  a single electron 

bomd in a spher~cally symmetrical f ie ld  of an ideal molecule 

undergoes radiative transition under the influence of an 

a?picopriatc. electromagnetic radiation, and the wavefunctions 

:or the electron in yarious s ta tes  are those of a harmonic 

oscillator. In such an idealized situation an exact calcul- 

ation of the transition moment i s  possible and it can be 

used as a reference standard. 

Let LE assume that m and n represent the lower and the 

q p e r  states respectively of an electronic transit ion,  then 

f o r  an i d e a l  case, 
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where v is  the wavenumber of the radiation involved in  the mn 
transi t ion and I < n I Me I m > 1 is  the matrix element of  ehe 

e l ec t r i c  dipole moment Me, c is the velocity of ligiit  , e md 

me are the respective charge and the mass of an electson and 

h is  the Planck constant. By defini t ion,  the oscilLator 

strength for  the t ransi t ion m + n can be expressed as 

L 

where the value of I < m I 1% I m > I should be determined 

from the experimental data. Depending then upon t h e  
2 

methods of determining 1 < m 1 Me 1 m > )j values, there 

ex is t  a number of ways t o  determine f-values . Generally 

f-values are determined e i ther  through integrated dxorptkon 

cross section measurements o r  through direct  measurements of 

radiative lifetimes under conditions of sharply defined 

excitations. The f i r s t  method, while widely used, scffers  

from two general d i f f i cu l t i e s ,  namely, 

1. t o  measure the t m e  absorption coefficienr over a 

l i ne  o r  a band, one need. very high resoibtion, 

2.  t o  know the molecular population in a particular 

energy s t a t e  of a molecule, part icularly m ehe 

case of a reactive molecule l ike  @I, one often 

resorts t o  producing the molecules under thermal 
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equilibrium and, t h i s  requires very accurate 

"cemodynamic data. 

Moreover, the determination of absorption coefficients is 

depe~dent on the applicabil i ty of the well known absorption 

:ax which states tha t  

' D h l l h  = e q ( a A  $1 

=  ex^ no Lo) 2 (5-17) 

here I md. I A represent the incident and transmitted 
oh 

lght irteqslties a t  wavelength h ,  a is the absorption 
h 

~oeSficien"ct S,T.P. (0°C and 1 a m ) ,  a. is  the layer 

thlcimess o f  the absorbing species reduced t o  S.T.P. 

10, = a (PTo/PoT) , a being the geometrical length of the 

assorblng column], u h  is the absorption cross section and 

i: is the number of absorbing molecules per  C.C.  a t  S.T.P. 
3 

 hil lid?. 1s 2.687 x 1019 on-3. The expression (5-16) i s  valid 

only ~f there are no non-linear factors contributing t o  the 

process of absorption. The absorbing gas should obey gas 

1 ms applicable to perfect gases i n  the experimental 

condl.tions. Reflection, convergence, non-homogeneity of 

radiation o r  of the sample gas, scat ter ing fluorescence, 

dccomposrtlon, anlsotropy, or  saturation w i l l  give r i s e  t o  

ai7preciabic devlatlons from ideal i ty.  The magnitude of the 

~rlcldent ph3ton flux I also plays a dominant ro l e  i n  the oh 

a~_i?pllcab~ilV of this law, especially when highly intense 

h e m ,  such as laser, are employed. Although the law is 
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strictly true for mnochromatic radiation, if the ailsorption 

cross section does vary with the wavelength, the use of tile 

absorption law over a finite wavelength range defrries what 

is known as the "effective absorption cross section," Zn- 

creasing the resolution of measurement does not appreciably 

affect the value of effective cross section if its 'ariatlon 

is small over the bandpass. When the absorption cross section 

varies appreciably over the wavelength range of the incident 

radiation, the law as stated above, will not hold znd its 

modified form, 

should be used. It may be pointed out that f 3 ,  dA may be 
A A  

used only when ox varies smoothly with over the wavelength 

range of interest; otherwise z , ~  o, should be used, Here AX, 

the wavelength bandpass of incident radiation, is v c q  small, 

Sometimes it is convenient to rewrite expressron (5- 17) .n 

terms of effective or integrated absorption coefficient at 

the wavenunher v as 
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and the integrated absorption coefficient L 

T-ieosetically, this parameter can be expressed as 

1 (absorbed) liav dv = - 
i [incident) 
c v  

Equation (5-203 allows one to compare the experimental quan- 

tity / u dv firith the theoretical quantity 1 < n 1 I m) I .  
Au " 

Combicing equations (5-15) and (5-20), the expression for 

oscillator strength becomes 

where E is the shape factor which for Lorentzian profile is 

6 = 1,57708 and for the Gaussian profile is 1/2 
L 

1,0644, -?i~ially, the expression for fmn may be written as 

idlere c* is n cons-tant, o is the absorption cross section and 
0 
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A V  i s  the wavenumber range of the incident radlatlon. 

After these general comments, l e t  us discuss "the 

oscil lator strength for a transition with specafic reference 

to  M molecule. The frequent occurrence of OiI radical in a 

variety of flames, shodctubes , discharges, plasmas and 

numerous high temperature sources has served as a great 

impetus for many studies on oscil lator s t r e n ~ h s  of different 

radiative transitiuns in  M spectra. Of a l l  the t rmsr t ions ,  

the electronic bands involving the transition A 2 ~ i  - 1; 23. 
I 

have been most widely investigated. Different methods were 

adopted by different investigators for the detennina5on of 

f-values. The experimental f-values cited i n  l i te ra ture  often 

show a widespread and i n  some cases require consider&ie 

correction for  rotation-vibration interaction (Learner, 1952; 

Golden e t  a l ,  1963). Broadly speaking, three models Iisbiie been 

adopted for the f-value determination i n  OH spectra. These 

are: (a) integrated absorption coefficient measurements, (b) 

Roschdestwensky ' s "Hook" method, and (c) "Lifet ime" measure - 

ments. In fact ,  the (a) technique w a s  the f i r s t  ever used 

in  f-value determinations. The ear l ies t  meas~rrements on 

integrated absorption coefficients of OH bands were nade by 

Oldenberg and Rieke (1938b). This was followed by more pre- 

cise measurements using OH in  flames, shocktubes , and flow 

systems [Dwyer and Oldenberg, 1944; Dyne, 1958; Carrington, 

1959; Golden e t  a l ,  1963; Watson, 1964; Rouse and Englemm> 

19731. These studies yielded oscil lator strength for  e\e 



106 FREE RADICAL OH 

;0,0) b w d  in  the range 7 x t o  11 x w i t h  a most 

probable of 8 x I t  may be pointed out tha t  the 

C-value determined, using techniques based on absorption 

coefficient measurements, were subject t o  corrections for  

thermochernis try, spectroscopic resolving pawer, and other 

parameters determining GI concentration i n  the system. 

Tke "Fiook" technique (b) was f i r s t  introduced by 

~~osmdesa~ens~cy  (1912) i n  connection with the study of 

momaloius dispersion of sodium vaFor. Later t h i s  technique 

was used by Roschdestwensky and Penkin (1941) fo r  determining 

E-values o f  atoinic t ransi t ions.  Anketell and Pery-l'horne 

;1867j first used it for  f-value determination of OH bands. 

They deteesmined osc i l la tor  strengths of the (0,O) and (1,O) 

a m &  of the A 2r t  - X Zni system and fomd f o o  = (14.8 i 1.3) 

x and f = C8,9 i. 1.7) x These values give 

F l o i ' f o o  = 0,6 5 0.1 which agrees reasonably well with the 

-~a lue  0-53 as reported by Dieke and Crosswhite (1962) . 
Uthough tp,is techique  shares with various other nethods 

invoiving absorption coefficient measurements the disadvan- 

tage ;that a determination of OH concentration is required for  

absolute C-values, it has the advantage of being indepeadent 

of both the l i ne  shape and the instrumental width of the 

spectrogx aph . 

The technique (c) is  conceptually different  from e i ther  

of the two described above. Using th i s  technique, no correc- 

tions are needed with respect t o  the themo&emistry of the 



INTENSITY PARAMETERS 107 

system or  the insflumental parameters or the factors deter- 

mining the OH concentration. The method basically concerns 

the measurements of lifetimes by suddenly removing the radio- 

frequency excitation from the sample gas, thus leanring the 

excited molecular ,system t o  decay spontaneousiy, and then re- 

cording the time elapsed unt i l  the detection of  &e "hst 

photon. Optically any transition can be selected whic?? origi-  

nates from the level t o  be measured. Knowing the radiative 

lifetime, f-value may be calculated according to  the relat ion,  

where dn and dm are the degeneracy factors for the n" arid 

mth s tates.  Yet, i n  spi te  of the fact that  this  t e c h i ~ u e  is 

potentially the most reliable for f-value determinations i n  

general and OH bands i n  particular, sometims it  so happens 

that the lifetimes of the states are substantially modified due 

t o  mixing of levels of the electronic states (Douglas. 5966). 

In such dases, the apparent lifetime values w i l l  not lead t o  

absolute f -values. Various authors (Bennett and Ddby , 1964 ; 

Elmergreen and Smith, 1972; Sutherland and Anderson, 1973) 

have measured f-values for a nunher of OH transitions using 

this  technique. Tables 5-9 through 5-11 present the f-;ial.lue 

data of different transitions reported by Suthesland m d  

Anderson (1973) based on thei r  lifetime measurements bv the 

delayed coincidence technique. The best data based or* &sorp- 

tion coefficient measurements are by Rouse and E!-~glema~ (11974.) 

and these are presented i n  table 5-12. 



9 3 .73  
10 7.97 0.286 0 .111  
11 4.18 4 .43  0.340 4.16 0.317 0.095 
12  8 . 9 3  0.097 0.241 8.47 4.12 0.203 0 .261 
1 3  4.84 4.15 0.297 4.30 8.37 0 .178 
1 4  8.52 3.86 0.075 0 .161  4.24 
1 5  4.38 7 .91  0.205 0.142 0 .047 
16 4.07 0.062 0.175 3.79 0 .141 0.056 
1 7  0.052 7.62 3.69 0.094 0.139 
1 8  3.95 7.39 0.084 0.044 
19  3.54 3.69 7 .08  3 .56  0 .088 7 

20 7.16 3.64 7.08 3.40 0.110 s 
m 

21 3.58 6 .87  3.36 3.53 6.76 m 
a 

22 3.46 6 .76  3.37 P 

23 3.40 B 
0 
D 
r 

"Suther land and Andes on (19 73) o z 



X 

Sutherland and Anderson (1973) 

TABLE* 5-11 ~SCILLATOR S T R E N ~ S  OF m ( 1 , i )  BAND 
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TfaLE 5-12 AVEMGE BAND f -VALUES (x104) FOR CM! DETERMINED FROM UNBLENDED 

ROTATIONAL LINES 

"Rouse and Engleman (1974) 



IONIZED RADICAL OH' AND ITS BAND SPECTRA 

The observed Spectrum of the ionized hydroxyl radical 

CH+ i s  characterized by an electronic transition of the type 

3 1 ~  - 3 ~ .  Discussed below are the general features of  bap1d 

structure arising out of such a transition. 

BAND STRUCTURE OF A 3n - 3 2  TRANSITION: In the case of 

3ri - 3~ transitions When 3~ s t a t e  sa t i s f ies  the conditions 

of Hund case (a), the application of the J = 0, i- i md 

+ t. - selection rules gives 2 7  branches. They form three 

sub-bands, 3 ~ o ,  1 , ~  -+ 3 ~ ,  each comprised of nine branches 

characterizing the rotational structure of each of t he  sub - 

bands. (See tables 6-1, 6-2 and 6-3.) Figure 6 - 1  depicts 

the transitions scheme for the different nine branches o f  a 

TABLE 6 -1  ERM VALUE DIFFERENCES AND SELECTION RtLf S FO': 

3~ 0 - 3 ~ -  TRANSITION 

Nq8~efic1atuye Term Value Differences Selection l+21es l?emarks 

an- I AN A,J 

p 1 F: (I.! - 1) - F; (N) - 1 - 1 

F; (N) - F'; (N) 0 
EIaln 

QI Brandies 

Rl F; (N + 1) - F; (N) +1 +I 

oh F; (N - 2) - F; (N) - 2  -1 
P 
91 2 F; (N - 1) - F'; (N) -1 0 

Q~~ 2 F', (N) - 4' (3 0 +I 
I Satellite 

Np13 Fi (N - 3) - F3 (N) -3 Rrmd~es 

OUI 3 F: (14 - 2) - F3 (PI) - 2 0 

P ~ l  3 
1 

F1 (I: - 1) - F3 (N) -1 +l 



FREE RADICAL OH 

I L 6- 2 TEWI VALUE DIFFERENCES AND SELECTION RULES FOR 

3n1  - 3 ~ -  TRANSITION 

'ilm Value Difference Selection Rules R- 
an- ' AN AJ - 

Pt I (N - 1) - Fy (N) -1 -1 

Qz I (N) - F; (N) 0 0 Main Branches 

11 2 r.; (N + 1) - F; (N) +1 +1 

"7" 
1 i l  1,; (N) - +; (N) 0 -1 

I:, 
42 1 f:; (S + 1) - F; (N) +l 0 

5 R2 I .:; (5 + 2) - F;' (N) +2 Sa te l l i t e  

0 
!'2 3 1;; (N - 2) - F; (N) - 2 -1 Branches 

i J  
0.1 1 1:; (N - 1) - F; (h? -1 0 

0 , h, , 1:; (N) - F; (N) 0 +1 

1 ihL1 1-3 TLRM V A L E  DIFFERENCES AND SELECTION RULES FOR 

3n2 - 3 ~ -  TRANSITION 

);s;~:cncirit!rr-c 'Tenti Value Differeilce Selection X ~ l e s  Remarks 

an-' AN A 3  

i' ; k; (X - 1) - F; (N) - 1 -1 

Q3 t i  (N) - F'; (N) 0 0 Main Branches 

q ~ 3 2  1 ; (&2 - l( (N) 0 -1 

r< 
932 r; (N + 1) - F; (N) +I o 

s 
K?? F; (N + 2) - F; (N) +2 Sa te l l i t e  

F; ( S +  1) - F; (N) +1 Brandles 

S 93 1 F; (N + 2) - F; (N) +2 0 

r ~ j i  1:; (N + 3) - F;' (N) +3 +1 



OHt AND ITS BAND-SPECTRA - 

Flgure 6-1 Schematic of the various branches or O i l i  r o r a t i o ~ . a l  
structure expected in an electronic transirlon 

3 n o  - 3 7 - .  
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typical 3 1 ~ o  - 3c sub-band. The transition s&emes applicable 

t o  the other two sub-bands can be drawn in a similar manner. 

Xill these branches, however, are not t o  be expected i n  every 

% - 3~ " c b -  'fie observed structure w i l l  depend upon the 

degree of approximation of the 3~ s t a t e  t o  Hund case (a) or  t o  

case [b) o r ,  in other words, upon the value of the coupling 

cons-cant (.&/B/'Bv3. If the ~ I I  s t a t e  i s  in a case (b) , eight of 

the brandnes corresponding t o  the selection rules AN = rt 2 

!O and S f o m j  and AN = t 3 (N and T forms) are absent. The 

band thus consists o f  nine main branches and ten weak s a t e l l i t e  

b rmdes .  These weaker branches are normally grouped around 

Llree main t r ip le t s  P1 , 2 , 3 ,  Q1 , 2 , 3 ,  and R1 , 2 , 3  and do not form 

-thsee d i s t l rx t  sub-heads. With a 3~ s t a t e  intermediate between 

case (a) and @), the l a t t e r  ten sa te l l i t e s  are a l l  stronger 

than i n  case (b) and the former eight also appear feebly. As 

i n  all n - c transitions, the Q branch is the strongest of a l l  

an each b a d .  In passage from case (a) t o  case (b) with in-  

creasing J wd N i n  a given band, the nine main branches form 

three P ,  Q,  and R contracting t r ip le t s .  Yet, i f  the spin 

separationas i n  the 3c s t a t e  are negligibly small, a band w i l l  

be redwed by coincidences of neighbors to  apparently a 15- 

bran& band structure (five in ea& sub-band) and in a case 

(b] 19-brandi band t o  apparently a 9-branch band (the three 

m a i n  t r ip le t s ) .  Again, i f  in the l a t t e r  case, the 3n s t a t e  

also has negligibly small spin separations, these t r ip le t s  

~9.14 appeal- t o  form single P,  Q,  and R branches, l ike those 
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of a I n  - I c  band. Such a situation actually exists i n  the 

case of 3n - 3~ band systems of NH, PH, N2, and H2 e tc ,  As an 

example, perhaps the best known 3n - 3~ band system i s  the 

First  Positive of N2. A l l  but one of the predicted 2 7  branshes 

have been identified in an analysis of s i x  ban& by Kaude 

(1932). Here the 311 s t a t e  i s  regular and intermediate between 

(a) and (b).  

The 311. - 3 ~ -  band structure of OH' conforms t o  an Lrtter- 
1 

mediate case of f3und (a) and (b) when 3~ s t a t e  i s  in?rerted, 

Spin multiplets of the ground s t a te  3 ~ -  are also not too close 

and manifest themselves i n  the structure. A l l  the 2 7  principal 

and s a t e l l i t e  branches have actually been identified for  a 

number of bands and it has been possible to  establish combina- 

tional relations between the diverse branches. 

OBSERVED SPECTRA O F  OH' 

A 'ni + X ' 2 -  (1983 - 3332i):  Rodebush and W a h l  (1933) were 

probably the f i r s t  t o  identify OH' a s  a diatomic emitter. 

While investigating the reactions of the @I radical in  the 

electrodeless discharge in water vapor a t  low pressure, they 

discovered two new bands degraded t o  the red with h e d s  a t  
0 

3565 and 3332A and attributed t o  ionized OH radical. In 

addition t o  the two bands discovered by Rodebush and W&l 

(1933) , Loomis and Brandt (1936) identified two new bands a t  
0 

3983 and 3695A. These bands were observed by using inrproved 

conditions of the electrodeless discharge and a 2 1  - foot  con- 
0 

cave grating with a dispersion of 1.25A/mm. Loomis and Brandt 
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were ths"ius able to  investigate the rotational structure of a l l  

the four " u d s  d i c h  were assigned to  a electronic transition 

L 31Ti + X 3 ~ - .  The s t a t e  3 ~ i  was found t o  be inverted and 

approaching H a d  case (a) for the lower N values and case (b) 

tor  higher N values. A ntrmber of s a t e l l i t e  branches were also 

: denti fieti, lveniger and Hennan (195 8) reinves tigated the 
+ 

emission s p e c t m ~  of the OH molecule. They used a modified 

conf1,4srat1on of the  discharge tube and thereby produced a 

very strong emission spectrum. As a result ,  they observed two 
0 

additional 'bands with heads a t  3958 and 383012. However, they 

reported t k e  rotational analysis of three bands (3695, 3830, 
0 

;j,7d 395ijA). OtConnor (1962) studied the emission spectrum pro- 

ciaced by a condensed discharge i n  water vapor and carried out a 

detailed rotational analysis. He assigned a number of bands to  

O D  The ~~avelengths of six band heads so f a r  observed are 

shown in the Deslandres table 6-4. Merer e t  a1 (1969) investi- 

gated the OH+ produced by a radiofrequency discharge in 

TMLE 6-4 THE DESLAM)RES S m  OF A 311i - X 32- 

FOR OH+ R-HEADS OF THE BANDS? 

v9 0 1 2 3 

'111 liosmgs book (1970) the (0,l) and (3,3) bands are mis- 
printed as 3893 and 3953, respectively. 
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water vapor mixed with helium. Using a 21-foot grating 

spectrograph and the spectrum i n  the f i r s t  and second order, 

they obsewed i r regular i t ies  in  the h-doubling of the A 3fl 

s t a t e .  The i r regular i t ies ,  caused by various rotational 

perturbations, have been found t o  occur i n  the rotatiorza? 

levels of a l l  the three components 31'Io, 3 ~ 1 ,  m.d 3 3 r r 2 .  Tnese 

perturbations are of two kinds: local perturbations md. 

perturbations affecting a l l  levels.  Local rotational pertur- 

bations were f i r s t  obsewed by Loomis and Brandt (19361 m d  

were quite  prominent i n  the v'  = 1 level.  Kova.cs (1958) has 

s h m  tha t  such rotat ional  pertuhat ions are t o  be exec ted  

i f  there is  a strong interaction between the s t a t e  3 n i  and 

IZ'. A careful analysis of the observed rotational perturba- 

tions suggested tha t  there is i n  f ac t  an interaction between 

the A 3 ~ i  and another s t a t e  B l r+  which l i e s  about 12CO :i 50 

an-I above the A 3~ s t a t e .  Merer e t  a1 (1969) also detected 

the perturbations affecting a l l  the levels of A 311 s t a t e  in  

CH' similar t o  those described for  other hybrides by Yorani 

e t  a1 (1967) and Dixon and Lamberton (1968) . A schematic of 

the molecular s ta tes  and the electronic t ransi t ions is  5J1~~\11 

i n  figure 6-2.  This figure also shows the values of dl? 

relevant spectroscopic constants. 

In t h i s  band system defined by A 3ni - X 3 ~ - ,  there are 

three sub-band systems, namely, 3 ~ o  -t 3 ~ - ,  3nl  + 3 ~ - ,  w d  

3n2 + 3 ~ - .  In each sub-system, there are nine sub-branches, 

three for  each t r i p l e t  component of the lower s t a t e .  So there 
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State 

Figure 5 - 2  Electronic states and the observed electronic transitions 
in OH'. The values of the various spectroscopic constants 
(~akotoar'i j imy, 1970) are also given. 
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are 27 branches. Rakotoarijiny (1969, 1970) studied .these 
0 

bands under the very high dispersion (0.8 and 0,6A/m) 

obtained in  the higher orders (loth, l l t h ,  12th and 13th) of 

the spectrum using a grating spectrograph (Jaco Eibert) . His 

precise measurements of the (0,O) , (0 , I )  , (1,O) , (I ,I) , and 

(2,2) enabled him t o  identify the 27 principal and s a t e l l i t e  

branches for  each band except the (2,2) . Tne wavenunhers of  

the rotational lines identified in  these bands are given in  

table B - 1  (Appendix B). He also reported the new values of 

the rotational and virbrational constants given in  table 6-5.  

OH+ Radical i n  Interstellar Space: A group of lines observed 
0 

i n  the spectrum of comets (3560 - 3600A) corresponds to the 

f i r s t  few rotational lines of the (0,O) band due t o  OH'. 

Similarly, the cometary radiations observed i n  the region 
0 

(3907 - 4033A) have been attributed t o  the (1,O) baiid of th is  

very molecule. 

During the study of the s p e c t m  of the comet, named 

Cunningham 1941 I, I-hmaerts (1945) t r i ed  to identify some of 

the observed emission l ines of the molecule OH+, Recently 

Rakotoarijiny (1969) presented a detailed identification of 
+ 

some of the OH lines with reference to  the cometary wave- 

lengths given by Swings (1942). These are given i n  table 6-6. 
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TABLE* 4- 5 ROTATIONAL AND VIBMTIONAL CONSTANTS OF OH+ 

Sta t e  3 ~ -  Sta t e  3 ~ i  

Bo 16.410 13.245 

n 

&&o"cari j imy (19 70) 
Note: A41  constants are  i n  un i t s  of cm-1 unless spec i f ied  

otherwise. 



TABLE* 6-6 COMET WAVELENGTHS AND THEIR ASSIGNPENTS IN OH' 

Comet's Wavelength Rakotoar i j  imy Branches Assigned re 0-0 Band 

A an- 1 an- 1 

3565.0 28042.5 28042.0 %31 (2) + R ~ 3 1  (3) band bead 

3572:2 27986.0 27985.3 ?33(1) 

3577.3 27946.1 27946.5 Q ~ 2 1  (1) + 1122 (1.1 

3584.3 27891.5 .CN Band 

Branches Assigned to [I $0) Rand 

3987.2 25073.2 25073.6 R22(5) + %21(4) + R ? 2 ( $ )  

3992.6 25039.3 25040.7 R22 (1) 

3997.5 25008.6 25009.6 R I I ( ~ )  

4002.2 24979.2 26978.1 '?21(2) "p32!4) * q 3 3 ( 4 )  

4007.5 24946.2 24947.6 Q33(5) ? 

4013.2 24910.7 24910.8 Q ~ 1 2 ( 2 )  + Q11(2) 

4027.6 24821.7 24820.8 'RI 3 (3) 

The numbers w i th in  b r acke t s  a r e  t h e  N va lues  i n  t h e  Lower State .  * 
Rakotoarij imy (1969) 





APPENDIX A 

TABLE A-1 OH I N  THE SOLAR SPECTRUM 

S W Y  

3428 - 3545 
2854 - 3070 
3483 - 3545 
2944 - 3060 

The wavenumbers shou ld  be  i n c r e a s e d  by about  0 . 2  cm-I 





TABLE A-2 (Continued) 



TABLE 1%- 2 (Contlaued) 



TABLE A-2 (Continued) 

?tavelength Solar Identificatior 

OH 
CH OH 

A 1  I 
A1 I (OH) 

OH 

OH 
OH 
OH 
OH 
OH 



TABLE 11-2 (Continued)  



TABLE A-2 (Continued) 

A 'c+ - X 21i (0,O) 



7W1,F: A- 2 (Con t inued)  

Laboratory Sun 



TABLE A-2 (Continued) 



TABLE i'i- 2 (Con tlnueci) 



TABLE A-2 (Continued) 



'I'ABZE A- 1 OI-I iN THE SOLAR SPECTRUIM 



TABLE A-3 (Continued) 



FREE RADICAL OH 

- m . - 0 3  O M 0  m  * v, """0 W " b  
z C l r . i n 3  N i n M  m M  r? a * o *  m r - 0  

"" b 3 

-c.G-v,  -0.- in c, N ~ w t ' i a  m o m  
3-  Vi 0, 

. . . .  . . .  . . . . . .  . . . . . . . .  3 -  m 3 

, I  i n  -3 a r- b - m m  m o o  N N  N M  
av.+-rn w - 3  e -, * q v s *  n m m  
1 3 - i i i  ,*33 3 3 3 3 3 3 - 3  333  

v,v, in v, 

P , , , , , t , l ' i  M  IT. I? l l  l l  r? M  m  "7 
3 3  3 3  
M M  M  M  - h 



TABLE A-3 (Continued) 



TABLE 23-3 (Continued) 



TABLE A-3 (Continued) 



TABLE A - 3  (Col~t inued)  



TABLE A-3 (Continued) 



FREE RADICAL OH 

b N 
m  

ebb  
b 

F- 
o m 0  

'9 I l d :  
m a m  0 0 0  
m 3 3 m m m  
M  M  

1 3 3 - 4  
M M M  

N N ~ O ~  mr-mbc- ~ ~ m r - o  m w 3 o t .  a m m m ~  N F - m ~ m  
m h a n m  m n a t - N  m a m b o  m o o m m  b b t n - m  m o m a m  
O F - m m m  d n a m m  0.yqq~. N.Q.A.N.~ m.?d.b.b. m ~ a m 3  . . . . .  
-eabee uiuiuiuiui a a a b m  m m o o o  O ~ N N N  
m m m m m  m m m m m  m m m m m  m m m m m  m m m m m  m m m m m  
* 3 3 3 3  3 3 3 3 3  3 3 3 3 1  33333  3 3 3 3 3  3 - 4 3 3 1 d  
M M M M M  M M M M M  M M M M M  M M M M M  M M M M W  M M M M M  



TABLE A-4 (Continued) 



TABLE A-4 ( C o n t i n u e d )  



TABLE A-4 (Continued) 



TABLE A-4 (Continued) 

Solar Identification 



TABLE A-4 (Continued) 

Notes - The symbols i n  Appendix (Tables 1-4) have t h e  fo l lowing  meaning 

A 'r+ - x 'n ( 2 , ~ )  

A OH absen t  from t h e  s o l a r  spectrum. 

B OH p r e s e n t  i n  t h e  s o l a r  spectrum, blended.  

Laboratory 

hl OH masked i n  t h e  s o l a r  spectrum. 

0 2  

sun 

P OH p resen t  i n  t h e  s o l a r  spectrum, unblended 

Wavelength 
A 

/ 1 denotes  a  predominant c o n t r i b u t o r  

P, P2 

18 
19 

19 
20 

20 

21 
21 

22 
22 

/ c o n t r i b u t o r  s t r o r g e r  than o t h e r s  

S o l a r  I d e n t i f i c a t i o n  

- In t h e  case  of  b lends ,  t o  d i s t i n g u i s h  t h e  l abora to ry  l i n e s  
s h o r t e r  than  t h e  s o l a r  wavelength froin t hose  t h a t  a r e  longer 

QI Q2 Remarks 

(Oii) OIi i n  p a r e n t h e s i s  i n d i c a t e s  t h a t  i t  i s  mashed i n  t h e  s o l a r  spectruia 

* Blend 

RI R2 S1 I n t e n s i t y  

4+3 
4 
4 
3 
3 

3 
2 
2 
2 

Wave number 
an-I 

30058.68" 
29990.76 
29960.78 
29888.18 
29858.81 

29781.53 
29752.48 
29670.76 
29642.30 

Wavelength 
A 

3325.873 
3333.405 
3336.741 
3344.846 
3348.136 

3356.825 
3360.072 
3369.367 
3372.592 





TABLE* B-1 WAVENUMBERS OF ROTATIONAL LINES OF OH' 

BAND (0,0), TRANSITION 3no - 3 ~ -  



TABLE B-1 (Continued)  



TABLE B-1  (Continued) 

BAND (0,0), T r a n s i t i ~ l  3 ~ 2  - 3 ~ -  



TABLE B-1 (Con t inued)  



TABLE B-1 (Continued) 



TABLE B-1 (Continued)  



TABLE B-1 (Continued) 

Band (1,0),  Transition 31ic - 3 ~ -  

'~32 RB Rp31 %32 



TABLE B - l  (Continued) 

Rand ( l , O ) ,  Transition 3ni - 32 



TABLE B-1 (continued) 

Band (1,0), Transition 3112 - 32- 

P 
p1 

P 
412 R1 3 



TABLE B-1 (continued) 

Band (1,1), Transition 3 ~ o  - 3 ~ -  



TABLE B-1 (Continued) 

Band (1,1), Transition 3n1 - 3 ~ '  



TABLE B-1 (continued) 

Band (1,l).  Transition 3n2 - 3 ~ -  

' ~ 1 3  PI p ~ l ~  P ~ l  s QI Q ~ l  2 RI 



TABLE B-1 (Continued) 

Band (2,2) 





REFERENCES 

Anketell, J: and Pery-Thorne, A.: 1967, Oscillator Strengths 
in the - 2n Band System of al by the Hook Method. 
Proc. Roy. SOC. (London) - A301, 343-353. 

Ball, J. A, :  Dickinson, D. F.; Gottlieb, C. A.; and Radford, 
H. E. : 1970, The 3.8 an Spectrum of CH. Laboratory 
Measurement and Low Noise Search in  W3 (CT-I) . 
Astron. J. - 75, 762-763. 

Ball, J. A.; Gottlieb, C. A.; Meeks, M. L.;  and Radford, 
H. E. : 1971, Search for the 2n1,2, J = 5/2 Excited 
State of CH in  W3. Astrophys. J. - 163, L33-34. 

Barrett, A. H.: 1967, Radio Observations of Interstel lar  
Hydroxyl Radicals. Science - 157, 881-889. 

Barrow, R. F.: 1956, The B 2c+ - A 2c+ Band-System of CH 
and OD. Ark Fysik. - 11, 281-290. 

Barrow, R. F.; and Daynie, A.: 1956, The Identification of a 
Band System, B (2c+) - A 2c+, in CH and OD. Proc. Phys. 
SOC. (London). - A69, 178-180. 

Bass, A. M. ; and Broida, H. P. : 1953, A Spectrophotometric 
Atlas of the 2c+ - 2n Transition of CH. Natl. Bur. 
Std., circular #541, (USA). - 1-22. 

Bass, A. M. ; and Garvin, D.: 1962, Analysis of the 
Radicgl Vibration Rotat ion Spectrum Between 
ll5OOA. J. Mol. Spectrosc. - 9, 114-123. ' 

Bauman, R. P. :. 1966, Absorption Spectroscopy. John Wiley 
and Sons, Inc., New York. p. 280. 

Benedict, W. S. ; Plyler, E. K. ; and Humphreys, C. J. : 1953, 
The Emission Spectrum of CH from 1.4 t o  1.7~1. J. Chem. 
Phys. - 21, 398-402. 

Bennett, R. G o ;  and Dalby, F."w.: 1964, Experimental 
Determination of the Oscillator Strength of the Violet 
System of OH. J. Chem. Phys. 40 1414-1416. 

-9 

Benoist, S. : 1955, Contribution a Lte'tude du spectre de l a  
Molecule CH. Ann. Phys. (France) 10, 363-376. - 

Bolton, J. G. ; Van Damne, K. J. ; Gaxdner, F. F. ; and 
Robinson, B. J. : 1964, Observations of OH Absorption 
Lines i n  the Radio Spectrum of the Galactic Center. 
Nature 201, 279. - 



164 FREE RADICAL OH 

BUM, F. E. ; and Gush, H. P. : 1972, Spectrum of the Airglow 
Between 3 and 4 Microns. Can. J. Phys. 50, 213-215. - 

Callear, A. B. ; and Van Den Bergh, H. E. : 1971, An Hydroxyl 
Radical Infrared Laser. Chem. Phys . Lett. 
(Netherlands) . 3, 17-18. 

Carlone, C. ; and Dalby, F. W. : 1969a, Spectrum of Hydroxyl 
Radical. Can .  J. Phys. - 47, 1945-1957. 

Carlone, C. ; and Dalby , F. W. : 1969b, The Spectrum of the 
Hydroxyl Radical. Depository of Unpublished Data, 
National Research Council Library, National re sear^\ 
Council of Canada. 

Carrington, T. : 1959, Line Shape and f Value i n  the CH 
2 ~ +  - 2~ Transition. J. Chem. Phys. - 31, 1243-1252. 

Carrington, A.; and Lucas, N. J. D.: 1970, Electron 
Resonance of Gaseous Diatomic Hydrides I. 170 Hyperfine 
Quadrupole Interactions in OH and OD. Proc. Roy. 
Soc. (London) A - 314, 567-583. 

Chamberlain, K. ; and Cuther, H. B. : 1933, New Lines in the 
Electronic Band Spectrum of Neutral CH. Phys. Rev. - 44, 
92 7-930. 

Chamberlain, J. W. ; and Roesler, F. L. : 1955, The OH Bands 
in the Infrared Airglow. Astrophys. J. - 1 2 1 ,  541-547. 

Chamberlain, J. W. : 1961, Physics of the Aurora and Airglow. 
Academic Press. New York and London. 

Churg, A.; and Levy, D. H.:  1970, The Magnetic Resonance 
Spectrum of Vibrationally Excited OH and a Prediction 
of the Radio-Astronomy Spectrum. Pstrophys. J. 162, 
L161-L165. 

Cook, A. H.: 1966, Suggested Me&anism for the Anamalous 
Excitation of OH Microwave Emissions from H-I1 Regions. 
Nature 210 611-612. 

-3 

Cook, A. H.: 1969, The Hydroxyl Molecule in Interstel lar  
Space. Physica. 41. 1-23. 

CzarnyI J. ; and Felenbok, P. : 1968 Etude a ~ r z s  Haute 1 Resolution de l a  Transition B C+ - A 'c+ de OH e t  OD 
a L1aide D1une Source Haute Frequence Mise au Point a 
cet Effect. Ann. Astrophys. (France) 31, 141-152. 



REFERENCES 165 

Czarny, J. ; Felenbok, P. ; and Lefebwe-Brion, H. : 1971, 
H i  h Vibrational Level Predissociation i n  the 5 A Z +  State of OD. J. Phys. B: Atom. Molec. Phys. 
4, 124-132. - 

Dawson, D. H. ; and Johnston, H. L. : 1933, Further Studies 
in the Spectrum of the OH Molecule: A Vew (2,2) Band's 
Sate l l i te  Series in  13122; A-Type Doubling and 
Electronic Spin Doubling. Phys'. Rev. - 43, 980-981. 

Dejardin, G.; Janin, J . ;  and Peyron, M.: 1953, Analysis of 
the (4,O) , (5 ,I) and (6,2) Bands of the Rotation- 
Vibration Spectrum of the Molecule Of-I: Cahiers. Phys. 
46, 3-16. - 

Destombes, J . ;  Marliere, C.; Rohart, F.;  and Burie, J.: 
1974, Spectroscopic Hertzienne-Nouvelle h a l y s e  du 
Spectre Hertzien du Radical Hydroxyl. C. R. Acad. Sc. 
(Paris). - 278, 275-278. 

Dieke, G. H. : 1925, On the Structure of the Ultraviolet Bands 
of Water Vapor. Akademie von !Vetens chappen, Amsterdam . 
Adfieling Natuurkunde , Proc. Roy. Acad. Amsterdam 28,- 
174-181. 

Dieke, G. H.; and Crosswhite, H. M.: 1948, The Ultraviolet 
Bands of OH. Fundamental Data. Bumblebee Series Report 
No. 87, The Johns Hopkins University, Baltimore, Md. 
U.S.A. 

Dieke, G. H.; and Crosswhite, H. M.: 1962, The Ultraviolet 
Bands of OH. Fundamental Data. J. Quant. Spectrosc. 
Radiat. Transfer - 2 ,  97-199. 

Diekinson, D. F. ; and Turner, B. E. : 1972, Classification 
of New OH Sources. Astrophys. Lett. 11, 1-5. 

Dieter, N. H.; and &en, H. I . :  1964, Radio Observations 
of the Interstel lar  OH Line a t  1667 Mc/s. Nature 
201, 279-281. - 

Dixon, R. N. ; and Lamberton, H. M. : 1968, The A 311i - X ?E- 
Band Systems of ASH and AsD. J. Mol  . Spectry. - 25, 
12-33. 

Douglas, A. E.: 1966, Anomalously Long Radiative Lifetimes 
of hblecular Excited States. J. Chem. Phys. - 45, 
1007-1015. 

0 

Douglas, A. E. : 1974, Absorption of OH in the. 1200A Region. 
Can. J. Phys. 52, 318-323. - 



166 FREE RADICAL OH 

Dousmanis, G. C. ; Sanders, T. M. ; and Townes, C. H. : 1955, 
Micrawave Spectra of the Free Radicals CH and OD. P ~ F .  
Rev. 100, 1735-1754. - 

Drake, J. ; and Nicholls, .R. W. : 1969, The E-centroid 
Approximation and Molecular Spectra. Qlem. Phys . 
Lett. (Netherlands) - 3, 457-459. 

Ducas, T. W. ; Geoffrion, L. D. ; Osgood, R. M.; and Javan, A.: 
1973, Observations of Laser Oscillations i n  Pure 
Rotational Transitions of CH and OD Free Radicals. 
Appl. Phys. Lett.  - 21, 42-44. 

Dwyer, R. J. ; and Oldenberg, 0. : 1944, The Dissociation of 
H20 in to  H + OH. J. Chem. Phys. - 1 2 ,  351-361. 

Dyne, P. J.: 1958, Uncertainties in the Measurement of the 
Oscil lator  Strength of the Ultraviolet Bands of CH. 
J. Chem. Phys. - 28, 999-1000. 

Easson, I . ;  and Pryce, M. H. L.: 1973, Calculated Potential 
Energy Curves of CH. Can.  J. Phys. - 51, 518-529. 

Elmergreen, B. G.; and Smith, W. H.:  1972, Direct 
Measurement of the Lifetimes and Predissociation 
Probabilities for  the Rotational Levels of the OH and 
OD A 2 ~ +  State. Astrophys. J. - 178, 557-564. 

Elvey , C. T. : 1950, Note on the S p e c t m  of the Airglow 
i n  the Red Region. Astrophys. J. 111, 432-433. 

Felenbok, P. : 1963, Contribution a L'etude du Spectre 
Moleculaire des Radicaux OH e t  OD. Ann. Astrophys . 
(France) - 26, 393-428. 

Felenbok, P. ; and Czarny , J. : 1964, Identif icat ion du 
Systeme C ?c+ - X 2i'$ de CH e t  OD dans L'ul tra-violet  du 
vide. Ann. Astrophys. (France) - 27, 244-246. 

Foner, S. N.; and Hudson, R. L.: 1956, Ionization Potential 
of the OH Free Radical by Mass Spectrometry. J. &em. 
Phys. - 25, 602-603. 

Fraser, P. A.: 1954a, A Method of  Determining the Electronic 
Transition Moment fo r  Diatomic Molecules, Can. J. Phys. 
32, 515-521. - 

Fraser, P. A. : 1954b, Vibrational Transition Probabilities 
of Diatomic Molecules 111. Proc. Phys . Soc. (London) 
A67, 939-941. - 



REFERENCES 167 

Frost, A. A. ; and Oldenberg, 0. : 1936a, Kinetics of OH 
Radicals as Determined by Their Absorption Spectrum I.  
The Electric Discharge through Water Vapor. J. Chem. 
Phys. - 4, 642-648. 

Frost, A. A.; and Oldenberg, 0.: 1936b, Kinetics of OH 
Radicals as Determined by Their Absorption Spectnnn 
11. The Electric Discharge through H202. J. Chem. 
Phys. - 4, 781-784. 

Gardner, F. F.; Robinson, B. J . ;  Bolton, J. G.; and 
Van Damme,- K. J.: 1964, Detection of the Interstel lar  
OH Lines a t  1612 and 1720 Mc/Sec. Phys. Rev. Lett. 
13, 3-5. - 

Gaydon, A. G. ; and Wollfran, A. G. : 1951, Predissociation 
in  the Spectrum of OH; the Vibrational and Rotational 
Intensity Distribution in Flames. Proc. Roy. Soc. 
(London) A. - 208, 63-75. 

Gaydon, A. G.: 1968, Dissociation Energies and Spectra of 
- Diatomic Molecules. Chapman and H a l l ,  Ltd, London. 

Gaydon, A. G.; and Kopp, I.: 1971, Predissociation in the 
Spectrum of OH; A Reinterpretation. J. Phys. B: Atom. 
Molec. Phys. - 4,  752-758. 

Golden, D. M.;  Del Greco, F. P.; and Kaufman, F.: 1963, 
Experimental Oscillator Strength of OH, 2~ -t 211, by 
a Chemical Method. J. Chem. Phys . - 39, 3034- 3041. 

Goldstein, S. J . ;  Gundermann, E. J . ;  Penzias, A. A.; and 
Lilly, A. E.: 1964, OH Absorption Spectra in  Sagittarius. 
Nature - 203, 65-66. 

Grebe, L.; and Holtz, 0. :  1912, Ursprung und Struktur der 
Ultravioletten Wasserdampfbanden X = 3064. Ann. Phys. 
(Germany) - 39, 1243-1250. 

Gundermann, E. J.: 1965, Observations of the Interstel lar  
Hydroxyl Radical. Ph. D. Thesis , Harvard University , 
Cambridge, Mass. 

Herman, R. C. ; i d  Hornbeck, G. A. : 1953, Vibration-Rotation 
Bands of OH. Astrophys. J. - 118, 214-227. 

Herman, L.; Felenbok, P.; and Herman, R.: 1961, Spectre 
DtEmission des Radicaux CH e t  OD. J. Phys. Radium. 
(France) - 22 ,  83-92. 



168 FREE RADICAL OH 

Heurlinger, T.: 1917, Untersuchungen Uber d ie  Struktur der  
Bandenspektra. Dissertation, University of Lund 
(Sweden) . 

Herzberg, G. : 1950, Molecular Spectra and Molecular 
Structure I. Spectra of Diatomic Molecules. Van 
Nostrand Reinhold Company. 

H i l l ,  E.; Van Vleck, J. H.: 1928, On the Quantum&chanics 
of the Rotational Distortion of Multiplets in Molecular 
Spectra. Phys. Rev. - 32, 250-272. 

Horani, M. ; Rostas, J. ; and Lefebvre-Brion, H. : 1967, 
Fine Structure of 3 ~ -  and 3~ States of MI, OH', PH, 
and SH+. Can. J. Phys. - 45, 3319-3331. 

Hunaerts, J. : 1945, Sur l a  Presence de l a  Molecule OH+ d m  
l e s  Comets. Brussels Observatoire Royal de Belgique 
Bulletin Astronomique 3, 320-326. 

Jack, D. : 1927, The Band Spectrum of Water Vapour. Proc. 
Roy. Soc. (London) A - 115, 373-390. 

Jack, D. : 1928a, The Band Spectrum of Water Vapour - I1 
Proc. Roy. Soc. (London) A - 118, 647-654. 

Jack, D. : 1928b, The Band Spectrum of Water Vapour - 111. 
Proc. Roy. Soc. (London) A - 120, 222-234. 

Johnston, H. L . ;  Dawson, D. H.;  and Walker, M. K. :  1933, 
A New Band in the Spectrum of the OH Molecule. Phys. 
Rev. - 43, 473-480. 

Kovacs , I. : 1958, On the Spin-Orbit Interaction i n  Diatomic 
Molecules I. Can. J. Phys. - 36, 309-328. 

Kovacs , I. : 1969, Rotational Structure in the Spectra of 
Diatomic Molecules. American Elsevier Publishing 
Company, Inc. , New York. 

Kvifte , G. : 1959a, Auroral and Nightglow Observations a t  
As Nomay. J. Atmos. Terr. Phys. - 16, 252-258. 

Kvifte, G. : 1959b, Nightglow Observations a t  ks during the 
I.G.Y. Geofys. F t h l .  - 20, 1-15. 

Learner, R. C. M. : 1962, The Influence of Vibration- 
Rotation Interaction on Intensi t ies  in the Electronic 
Spectra of Diatomic Molecules I.  The Hydroxyl Radicdl. 
Proc. Roy. Soc. (London) A 269, 311-326. - 



REFERENCES 169 

Lefebvre-Brion, H.: 1971, Intensi ty Anomaly i n  the 
Photoelectron Spectrum of NO. J. Phys. (France) - 32, 
C52-C-107. 

Litvak, M. M. ;  McWhorter, A. L . ;  Meeks, M. L.; and Zeiger, 
H. J. : 1966, Maser Model fo r  In t e r s t e l l a r  OH Microwave 
Emission. Phys. Rev. Lett.  - 17, 821-826. 

Litvak, M. M.: 1969, Infrared Pumping of In t e r s t e l l a r  OH. 
Astrophys, J. .-2 156 471-492. 

Litvak, M. M. : 1972, 'Non-Equilibrium Processes in 
In t e r s t e l l a r  Molecules' i n  Atoms and Molecules i n  
Astrophysics, Edited by T. R. Carson and M. J. Roberts, 
Academic Press, New York, p. 201-276. 

Loomis, F. W. ; and Brandt , W. H. : 1936, The Band Spectrum 
of CH+. Phys. Rev. - 49, 55-67. 

Lowe, R. P.; and Lytle, E. A.: 1973, Balloon-Borne 
Spectroscopic Observation of the Infrared Hydroxyl 
Airglow. Appl. Opt. - 1 2 ,  579-583. 

MacDonald, R.; Buijs, H. L.;  and Gush, H. P.: 1968, 
Spectrum of the Night Airglow Between 3 and 4 Microns. 
Can. J. Phys. 46, 2575-2578. 

Madden, R. P. ; and Benedict, W. S. : 1955, Pure - ~ o t a t i o n a l  
Lines of OH. J. Chem. Phys. - 23, 408-409. 

McGee, R. X. ; Robinson, B. J. ; Gardner, F. F. ; and Bolton, 
J. G. : 1965, Anomalous Intensi ty Ratios of the 
In t e r s t e l l a r  Lines of OH i n  Absorption and Emission. 
Nature - 208, 1093-1095. 

McKinley, J. D. ; Garvin, D. ; and Boudart, M. J. : 1955, 
Production of Excited Hydroxyl Radicals i n  the 
Hydrogen Atom-Ozone Reaction. J. Chem. Phys . 23, 
784- 786. 

Meinel, A. B.: 1950a, OH Emission Bands in the Spectrum of 
the Night Sky I .  Astrophys. J. - 111, 555-564. 

Meinel, A. B. : 1950b, OH Emission Bands i n  the Spectrum of 
the Night Sky 11. Astrophys. J. - 1 1 2 ,  120-130. 

Merer, A. J. ; Achter, E. K.  ; Harani, M. ; and Rostas, J. : 
1969, Reanalysis of the A 3 ~ i  - X 3c-  System of OH+ 
and OD+. Can. J. Phys. 47, 1723-1724. - 



170 FREE RADICAL OH 

Michel, A. : 1957, Das C 2e+ + A 2c" Bandensystem von OH. 
Z.  Naturforsch. 12A, 887-896. 

Michels, H. H.; and Harris, F. E.: 1969, Predissociation 
Effects i n  the A 2c+ Sta te  of the OH Radical. Chem. 
Phys. Lett.  (Netherlands) - 3, 441-442. 

Mizushima, M.: 1972, Molecular Parameters of OH Free 
Radical. Phys. Rev. A - 5,  143-157. 

Moore, C. E. ; and Broida, H. P. : 1959, OH in the Solar 
Spectrum. J. Res . Natl. Bur. Std. A (=A) , - 63A, 
279-295. 

Moreels, G . ;  Evans, W. F.; Blamont, J. E. ;  and Jones, A. V.: 
1970, A Balloon-Borne Observation of the Intensity 
Variation of the OH Fmission in the Evening Twilight. 
Planet. Space. Sci. - 18, 637-640. 

Mulliken, R. S. : 1931. The Internretation of  Band Suectra. 
part I Ic .  ~ r n ~ i r i c a l  Band G e s .  Rev. Mod. ~ h + .  - 3, 
89-155. 

Mulliken, R. S. ; Christy, A. : 1931, A-Type Doubling and 
Electron Configurations in Diatomic Molecules. Phys . 
Rev. 38, 87-119. - 

~ a u d 6 ,  S. M. : 1932, Quantum Analysis of the Rotational 
Structure of the F i r s t  Positive Bands of Nitrogen (N2) . 
Proc. Roy. Soc. (London) A - 136, 114-144. 

0 '  Connor, S. : 1962, The Rotational Analysis of the (2,l) , 
(0,O) and (0,l) Bands of the 3~ - 3c- System of OD+. 
Proc. R. I r i sh  Acad. - 62, 73-92. 

Oldenberg, 0.:  1935, The Lifetime of Free Hydroxyl. J. 
Chem. Phys. - 3, 266-275. 

Oldenberg, 0. ; and Rieke, F. F. : 1938a, The Absorption 
Spectrum of Free Hydroxyl Calibrated f o r  a Chemical 
Test. J. Chem. Phys. 6, 1969. 

Oldenberg, 0. ; and Rieke, F. F. : 1938b, Kinetics of CH 
Radicals as Determined by the i r  Absorption Spectrum 
111. A Quantitative Test for  Free OH Poss ib i l i t ies  
of Transition. J. Chem. Phys. - 6, 439-447. 

Oldenberg, 0. ; and Rieke , F. F. : 1938c, Kinetics of  OH 
Radicals Determined by Their Absorption Spectrum IV. 
Pressure Broadening and the Line Spectrum as Background. 
J. Chem. Phys. 6 ,  779-782. - 



REFERENCES 171 

Pears, R. W. B. ; and Gaydon, A. G. : 1965, The Identification 
of mlecular  Spectra, Chapman and H a l l  Ltd. , London. 

Perkins, F.; Gold, T. ;  and Saltpeter, E. E.: 1966, Maser 
Action in In ters te l la r  OH. Astrophys. J. - 145, 361-365. 

Pick, D. R. ; Llewellyl, E. J. ; and Jones, A. V. : 1971, 
Twilight Airglow Measurements of the .CH and 02 Bands 
by Means of Balloon-Borne Instruments. Can. J. Phys. 
49, 897-905. - 

Plyler, E. K . ;  and Humphrey, C. J.: 1948, Infrared Emission 
Spectra of Flarnes. J. Res. Natl. Bur. Std. - 40, 449-456. 

Poynter, R. L. ;  and Beaudet, R. A.: 1968, Predictions of 
Several OH A-Doubling Trans i t ions  Suitable for  Radio 
Astronomy. Phys. Rev. Lett. - 21,  305-308. 

Radford, H. E.: 1961, Microwave Zeeman Effect of Free 
Hydroxyl Radicals. Phys. Rev. - 122, 114-130. 

Radford, H. E . : 1962, Microwave Zeeman Effect of Free 
Hydroxyl Radicals : 2rr1/2 Levels. Phys . Rev. 126, 
1035-1045. 

Radford, H. E.: 1964, 18 an Spectrum of OH. Phys. Rev. 
Lett.  - 13, 534-535. 

Radford, H. E.: 1968, Scanning Microwave Echo Box 
Spectrometer. Rev. Sci. Ins t r .  - 39, 1687-1691. 

Rakotoarijimy , D. : 1969, Quelques Resutants Recents 
Concernant l a  Structure Fine du Spectre de l a  Molecule 
OH+. Physica - 41, 29-34. 

Rakotoarijimy, 9.: 1970, Contribution a L'etude du 
Radical OH (Systeme de Bandes 3 ~ ~ i  -+ 3 ~ ' ) .  Physica 
49 350-382. 
-2 

Robinson, B. J.; and McGee, R. X.: 1967, 'OH Molecules 
in the In t e r s t e l l a r  &dim'  in Annual Review of 
Astronomy and Astrophysics, edited by L. Goldberg, 
Annual Reviews Inc., California (U.S .A.) , Vol . 5, 
p. 183-212. 

Rodebush, W. H. ; and Wahl, M. H. : 1933, The Reactions of 
the Hydroxyl Radical in the Electrodeless Discharge 
in Water Vapor. J. Chem. Phys. - 1, 696-702. 



172 FREE RADICAL Ofi 

Rogers, A. E. E.: 1967, Emission and Absorption of Microwave 
Radiation by In t e r s t e l l a r  CW. Ph.D. Thesis, M.I.T., 
C d r i d g e ,  Massachusetts. 

Roschdestwensky, D. S.: 1912, Anomale Dispersion i n  
Natriumdampf . Ann. Phys . (Germany) - 39, 307- 345. 

Roschdestwensky, D. S.;  and ~ e n k h ,  N. P. : 1941, 
Determination of the Vibrator Strength i n  the Atomic 
Spectra. J. Phys. (USSR) - 5, 319-337. 

Rosen , B. : 19 70, International Tables of- Selected Constants 
No. 17 - Spectroscopic Data Relative t o  Diatomic 
Molecules. Pergamon Press. 

Rosen, B . :  1973, Diatomic Molecules - A Cr i t ica l  
Bibliography of Spectroscopic Data, National Center 
of Sc ient i f ic  Research, Paris , France. 

Rouse, P. E. ; and Engleman, R. : 1973, Oscillator Strengths 
from Line Absorptions in a High-Te e ature Furnace - I .  
The (0,0) and (1,0) Bands of the A"%$ - X 2ni 
Transition in OH and OD. J. Quant. Spectmsc. Radiat. 
Transfer. - 13, 1503-1521. 

Schuler , H. ; and Woeldike , A. : 1943, Uber den 
Anregungsmechanismus im H20 - Wlekul auf Grund der  
Befunde an seinem Emis sionsspektrum i m  Sichtbaren . 
Physikalisch., 2.  - 44, 335-340. 

Schuler, H. ;  Reinebeck, L. ;  and Michel, A.: 1954, I s  There 
a Spectrum of the OH- Ion? Z .  Naturforsch. - 9A, 279-285. 

Schuler, H. ; and Michel, A. : 1956, On a New Band System of 
the CW Radical o r  Ion. Z .  Naturforsch. - 11A, 403-406. 

Shklovskii , I. S. : 1966, Astronomical Tsirkular No. 372. 

Silverman, S.;  Herman, R. C.:  1949, The Infrared Emission 
Spectra of the Oxy-hydrogen and Oxy-deuterium Flames. 
J. Opt. Soc. Am. 39, 216-218. - 

Stoebner, A. ; and Delbourgo, R. : . 1967, Contribution a 
L'etude Spectro r a  h i  ue de l a  Sequence 0-2 de l a  
Transition A 2Z9 -PX % du Radical OH. J. Chem. Phys . 
(France) - 64, 1115-1123. 

Sutherland, R. A.; and Anderson, R. A.: 1973, Radiative 
and Predissociative Lifetimes of the A . 2 ~ +  State of 
CW. J. Chem. Phys. - 58, 1226-1234. - 



Swings, P. : 1942, The Line S p e c t m  of the Solar Corona. 
Astron. Soc. Pacif ic  - 54, 117-137. 

Swing, P. and Meinel, A. B.: 1951, 'Spectra of  Night Sky 
and Aurora' in the Atonpsheres of the Earth and Planets, 
Edited by Gerard P. Kuiper, The University of Chicago 
Press, Chicago, I l l i no i s .  

Tanaka, T. ; and Koana, Z . : 1933, Classif icat ion of 
Unrecorded Band-Systems of Neutral C%I. Determination 
of the Constants. Proc. Phys. Maths. Soc. (Japan) 
15, 272-290. - 

Tanaka, T. ; and S i r a i s i ,  M. : 1933, The A2875 Band of 
Neutral OH. Proc. Phys . Mati?. Soc. (Japan) 
15, 195-209. - 

Tanaka, T. ; and Koana, Z.  : 1934, On the Band-System of 
Neutral OH. 111. Identif icat ion of the (2',2"), 
(3' ,01') , (3' ,3") , (4' ,I") , (4' ,2") , (4' ,3") and 
(4 '  ,4") Bands. Formulation of the Wave-Wers  of 
the Null Lines. Proc. Phys. Maths. Soc. (Japan) Xi-, 
365-400. 

Ter Meulen, J. J.; and Dymanus, A.: 1972, Beam Maser 
Measurements of the Ground State Transition 
Frequencies of OH. Astrophys. J. 172, L21-L23. 

Turner, B. E. ; Palmer, P. ; and Zuckerman, B. : 1970, 
Detection of the '113/2, J = 7/2 Sta te  of  In t e r s t e l l a r  
OH a t  a Wavelength of  2.2 an. Astrophys. J. - 160, 
L125-L129. 

Turner, B. E. :  1972, On the Distribution of OH in  the 
Galaxy I. Correlation with Continuum Sources and with 
Formaldehyde. Astrophys . J. - 171, 503-518. 

Wallace, L . ;  and Jones, A.: 1955, Infrared Spectrum of the 
Nightsky Near 10,000A. Nature. -$ 175 950 -951. 

Wallace, L. : 1960, The Constants of the 2n - 2n OH Bands. 
Astrophys. J. - 132, 894-897. 

Wallace, L.:  1962a, Band-Head Wavelengths of C2,  a, CN, 
CO, MI, NO, 02, CH, and Their Ions. Astrophys. J. 
(Suppl.) - 68, 165-290. 

Wallace, L.:  1926b, The OH Nightglm Emission. J. Atmos. 
Sci. 19, 1-16. - 

Watson, W. W. : 1924, The Emission Spectrum of Water Vapor. 
Astrophys . J. - 60, 145-158. 



174 FREE RADICAL OH 

Watson, R. : 1964, Shock Tube Measurements of  the 
Oscil lator  Strengths f o r  the A 2c - X 2n OH Electronic 
Bands. J. Quant. Spectrosc. Radiat. Transfer. - 4, 
1-7. 

Weast , R. E. : 1970, Handbook of Chemistry and Physics, 
50th edition. The Chemical Rubber Company, U.S.A. 
p. E-82. 

Weaver, H. F.; and Williams, D. R. W.:  19.64, OH Absorption 
Prof i le  i n  the Direction of Sagit tar ius A. Nature - 201, 
380. 

Weaver, H.; Williams, D. R. W.; Dieter, N. H.; and Lum, 
W. T. : 1965, Observations of a Strong Unidentified 
Microwave Line and of Emission from the OH. Nature 
208, 29-31. - 

Weniger S.; and Herman, R.: 1958, Extension du Systeme 
A $ITi - X 'E- de CHI. J. Phys. Rad. - 19, 582-589. 

Weinreb, S. ; Barret t ,  A. H. ; Meeks, M. L . ,  and Henry, J. C. : 
1963, Radio Observations of OH i n  In t e r s t e l l a r  Medium. 
Nature 200, 829-831. - 






