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FOREWORD

Quantitative spectroscopy is a fundamental 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
especially important since many planets including our own must
normally be viewed through their atmosphere. One important
constituent of planetary atmospheric studies is the hydroxyl
radical. This monograph presents a review of available CH
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. Shardanand.

Robert L. Krieger
Director
NASA Wallops Flight Center
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SYMBOLS

Angstrom

Constant related to ionization energy by hch

(Eq. 4-1)
Spin coupling constant

Magnetic hyperfine interaction constant (Table
3-18)

Spin-orbit interaction constant
Einstein coefficient for spontaneous emission

Rotational constant for a given vibrational level

and is expressed as BV =B -a_ (V+1/2), where
B_ is a rotational constant in the equilibrium

pOsition and o is an interaction constant between
rotational and vibrational energies.

Effective B value for different multiplet
components

Einstein coefficient for induced absorption
Velocity of light
A-type doubling constant

Dissociation energy of the molecule in the ground
electronic state

Dissociation energy referred to the minimum of the
potential curve

Rotational constant involving centrifugal distor-
tion and is expressed as Dy = Dg + 8, (V + 1/2),
where De is another.rotational constant and 85 is
another interaction constant.

Effective D value for different multiplet compon-
ents

Centrifugal distortion constant (Table 3-18)
Charge of an‘electron

Rotational energy of a molecule

xXi



F, ()

jie}

Energy of radiation associated with the transition
n-m.

Oscillator strength of a transition m-n

Rotational term in a given vibrational level and
is given as FV(J) = EJ/hc

Term value interval

Degeneracy factor

Plancks constant

Higher order rotational constant (Table 3-15)

Moment of inertia of the molecule in equilibrium
position (Table 6-6)

Intensity of radiation involved in the transition
n-m

Intensity of incident radiation at Vom
Quantum number of the total angular momentum
Change in rotational quantum number
Boltzmann constant

Layer thickness of the absorbing species reduced
to 0° C and 1 atm.

Mass of an electron

Electric dipole moment arising due to orbital
electrons in a molecule

Magnetic quantum number
Change in M; - quantum number

Quantum number of the total angular momentum of
the molecule apart from spin

Change in N-quantum number
Number of molecules in the upper state - n

Number of molecules in the lower state - m

xii



Ne

V'V"

U(E)

AX

Loschmidt number

Standard pressure 760 mm-Hg)

Pressure at a temperature T
Franck-Condon factor for the (v',v') band
Rydberg constant (Eq. 4-1)

Gas constant

Quantum number of the angular momentum of nuclear
rotation (Chapter 2)

T-centroid for the (v',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 Strength' for the (v',v') band

Standard temperature (0° C or 273.15° K)
Electronic energy term value and is expressed as
Te = Ty + AAZ, where T, is the electronic energy
term value 1f spin is neglected A is the spin-
coupling constant, A and I quantum numbers
Potential energy function for a molecule

Vibrational quantum number

Thickness of the absorbing layer

A coupllng parameter signifying the ratio A/ B

where A is a spin-coupling constant and B

is a rotational constant

Correction term (Eq. 4-1)

Interaction constant which accounts for the inter-
action between rotational and vibrational energies

xiii



Absorption coefficient at wavelength A (cm™1)
Absorption coefficient at wavenumber v (1)
Another interaction constant similar to g

Spin rotation coupling constant for multiplet I
states

Centrifugal distortion constant (Table 3-18)

A constant (Eq. 5-22)

Shape factor (Eq. 5-21)

Wavelength in 1?\0

Spin-coupling constant (Table 6-6)

Quantun 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 (10'4 cm)
Wavenumber (cm—l)

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

Wavenumber of the radiation associated with the
transition n-m

Wavenumber interval

Absorption cross section at wavelength A (cmz)
Quantum number of the component of the resultant
electronic spin of the molecule along the inter-
nuclear axis

Change in I-quantum number

Mean lifetime for a radiative transition

Wavefunction

xiv



p* Complex conjugate wavefunction

W Vibrational constant; vibrational frequency that
an anharmonic oscillator should have for an
infinitesimal amplitude (an-1)

Vibrational constant; a constant involving an-
harmonicity

Q Quantum number of the totdl electromic angular
momentum of the molecule along the internuclear
axis

AQ Change in Q-quantum number

PHYSICAL CONSTANTS

Speed of light:

C = 2.997930 X 1010 e sec™!

Electron charge:

19

e = 1.60206 X 10" coulomb

Electron rest mass:

m

. = 0.510976 MeV

9.1083 X 10728 gram

i}

Planck constant:

h 15

]

4.1354 X 10" eV sec
6.62517 X 10727 erg sec

Boltzmann constant:

S ev 1

-16

k = 8.6164 X 10~

1.38044 X 10 1

erg K~
Gas constant:

R

L1}

8.3170 X 107 erg Kt mole™d

Loschmidt number:

no = 2.68714 X 1022 a3



Standard pressure:
P = 1.015250 dyn an”2
Standard temperature:

To = 273.150°K



Chapter 1

INTRODUCTION

Band spectroscopy of the free hydroxyl radical has long
been of considerable scientific interest. Its significance
in both theory and various applications is well recognized.
Though this molecule is composed of two simple and most asbun-
dant atoms, O and H, it presents more than the usual structural
complexity expected of a normal diatomic molecule. A closer
perusal of its molecular spectrum reveals many of the inter-
nal interactions characteristic of the diatomic structures.

It exhibits the existence of a strong magnetic coupling lead-
ing to an inverted multiplet, large Lambda-type doubling,
presence of numerous satellites, and unlike most diatomics, an
almost complete transformation from Hund coupling case (a)

to case (b). Also, the OH molecule provides very useful in-
formation toward the understanding of various photochemical
and combustion processes. OH exists either as an essential
bi-product or as an impurity in all types of combustion proc-
esses like flames; gas discharges; sparks, etc. An insight
into the excitation, dissociation, and ionization mechanisms
of this molecule is, therefore, very helpful in determining
the energy contents and thereby the spectroscopic temperatures
in flames and other radiative and non-radiative systems.

Knowledge of the detailed vibrational and rotational
structure of OH is important to studies of the planetary

atmospheres and various other astrophysical and aeronomical
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applications. Numerous OH rotational lines have been identi-
fied in the spectra of night airglow, dayglow, and twilight;
solar spectra; stellar spectra; and the spectra of comets and
different galactic sources. CH happens to be the first
gaseous diatomic molecule ever discovered in interstellar
space by way of microwave emission. It may be recalled that
this discovery later proved to be the boon that ushered in
a new era of modern radioastronomy. The mystery of anomalous
'ﬁehavior of OH emission in interstellar space is not yet
clearly understood. OH is potentially important from the
viewpoint of environmental studies, such as air pollution.
The role of OH in photochemical smog is well knowp and OH
may play a useful role in different remote sensing applica-
tions for such purposes. Development of hydroxyl radical
infrared lasers is another significant application of the
radiative behavior of this molecule. The new lasers may
prove to be valusble in probing OH concentrations in various
chemically active systems including the earth's atmosphere.
Last but not least, OH still owes its unique position to
being the most prospective molecular entity that one would
search for in any system where life might be postulated.

(H thus occupies a significant position in the molecular
world, both from the viewpoint of academic interest as well
as its potentiality as an application molecule. There exist
quite a few scattered technical reports and reviews, apart

from a host of research articles which are devoted to spe-
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cific areas of OH spectroscopy. Spectroscopic numerical data
pertaining to (H were compiled by various authors (Herzberg,
1950; Wallace, 1962a; Pearse and Gaydon, 1965; and Rosen,
1970, 1973). Dieke and Crosswhite (1948) also presented a
detailed analysis of CH spectra but it is primarily devoted
to only one of the electronic band systems, namely, the
AT - X Zni. But, in spite of the wide applicability
of the spectroscopic information about this molecule, there
exists no single broad-based document which might give a
reasonable coverage to the various aspects of the spectros-
copy of this molecule. Also, with the advent of more sophis-
ticated experimental techniques, our knowledge about this
molecule has increased tremendously in recent years and thus
more and more reliable spectroscopic data are now available.
Recognizing the pressing need to fill these gaps, it was
decided to make an endeavor to review the observed CH spectra,
critically evaluate the available spectroscopic data, and
present the same with a short background discussion on the
theoretical principles involved. The present monograph is
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 CH
Dissociation and Ionization Processes in CH

Intensity Parameters ‘in CH
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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
paramagnetic resonance spectra are included. OH transitions
relevant to different astrophysical observations such as
spectra of the sun, comets, interstellar space, and various
galactic sources are discussed in the proper context. Molecu-

ar transitions of relevance to the development of OH infrared

ot

lasers are introduced.

Necessary data have been evaluated and presented in
respect to each spectrum except for the A 23 - X 21 ultra-
violet electronic system for which an exhaustive compilation

already exists (Dieke and Crosswhite, 1962).
DISSOCIATION AND IONIZATION PROCESSES IN CH

This section deals with the dissociation energies and
dissociation limits and also the molecular ionization poten-
tials of the free molecule CH. The phenomena of predissocia-
tion is discussed at length. Preceding the presentétion of
data in respect to the dissociation energies and their limits
for the various electronic states, a brief survey has been

made to highlight the various merits and demerits of different
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methods adopted to determine this important meolecular 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 molecu-
lar intensity parameters, such as Franck-Condon factors, T -
centroids, oscillator strengths, absorption cross sections,
and the lifetimes in understanding aeronomical conditions,
are spelled out and discussed. Also, the relevant data are
provided.

Data on the spectra and structure of oH" are incorporated.
Although the structural features of " spectra differ signifi-
cantly from those of OH, it is very likely that one may iden-
tify some OH' transitions in certain extreme cases of zeronomi-
cal conditions. In fact a few OH' transitions have already
been identified in certain cometary spectra. On the other
hand, discussion and presentation of data in respect to the
isotopic molecule OD are excluded because it is less likely
that the appreciable amount of OD may be present in inter-
stellar space so as to be easily detected by spectroscopic
techniques.

The theoretical outlines of the different relevant
spectroscopic phenomena are provided at appropriate
places, in order to make the subject matter self-contained

and comprehensible even to a non-specialist engaged
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in the pursuit of studies on planetary aeronomy and astro-
physics.

While every effort has been made to cover the data up to
1974 and thus make the monograph up-to-date, the authors
would be glad to consider all comments with regard to
omissions necessary to improve upon the text and its presen-

tation,



Chapter 2
MOLECULAR STRUCTURE AND SPECTRA OF OH

OH radical is a paramagnetic diatomic molecule involving
one unpaired electron in its ground state electronic config-
uration. According to the Wigner - Witmer correlation rules
the four electronic states, namely, 21, 25, “r, and “1 for
0(3P)H(2S) molecule are feasible from the ground state con-
figuration K (2s0)2 (2po)? (2pm)3. The next excited states
25" and 25 are possible according to the first excited elec-
tron configuration K(2sc)? 2ps (2pm)*. The radiative transi-
tions so far observed are those between pure rotation and
rotation-vibration levels in the ground X ZHi state and the
electronic transitions A 21 < X Zni, B 25 - A 257
c2at a2, cmt =X zni’ and a recently obsérved transi-
tion 22° ®R) <« X zni (Douglas, 1974) in the vacuum ultraviclet.
A schematic of the molecular states and electronic tramsitions
is shown in figure 2-1. This figure also gives the values of
various spectroscopic constants. The electronic transition
B 25" - X zni has not been identified so far, perhaps because
of the overlapping of the spectrum of water vapor in the

(o]
spectral region around 1200A.
ELECTRONIC STATES INVOLVED IN RADIATIVE TRANSITIONS

The state X 21T;: 2Hi symbolizes the ground electronic
state of this molecule. It is the lowest in the term

manifold arising out of the electron configuration K(2s¢)2
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MOLECULAR STRUCTURE AND SPECTRA

(2po)? (2pm)3, as applied to this case. Structurally, it is
an inverted doublet with F1 components, (J = NT - 1/2) lying
at a lower energy level than the F2 components, (J = N - 1/2}.
This multiplet structure, commonly known as spin-splitting,
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 the 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) is
very weak. The result is that even in the rotating molecule
the electronic angular momentum quantum number ¢, where

2= A+ 1, is well defined. The angular momentum of the
nuclear rotation R and & form the resultant J which repre-
sents the total angular momentum of the molecule given by
J=gq, 0+ 1,0+ 2, ... Here @ is integral or half-
integral depending on whether the nunber of electrons in the
molecu}e is even or odd. Further, since @ is the component
of J, J is integral when 2 is integral and half integral when
@ is half integral. Naturally, J cannot be smaller than its
component . Therefore, the levels with J < @ do not occur.
In a zni state, such a spin-splitting manifests itself in

an appreciable two-fold degeneracy resulting in two sub-

+Following a decision of the Joint Commission for Spectros-
copy in 1952 (see J. Opt. Soc. Amer. 43, 425, 1953}, the
symbol K has been replaced by N. The symbol X is used for
symmetric top molecules.
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s

states ZHQ/Z and 2H1/2' The rotational energy in Hund case

{a) takes the form
F (9 =B, [J*D) - Q2] - D, J2 (J+D?%2 + .., (2-1

where the terms FV(J) s BV and DV carry their usual spectros-
copic meanings. As long ,as the rotations are small, the Hund
case {a) is operative and the electron spin continues to be
coupled to the internuclear field. The energy of separation
between the corresponding F1 and F2 companents is larger
than the energy separation between the adjacent rotational
levels. As molecular rotations become faster, the spin
uncouples from the orbital angular momentum and becomes
coupled to the field generated by the moiecular rotation. Here
the molecule enters the domain of Hund case (b). The spin
vector S is not coupled to the intemuclear axis at all.

This means that 2 is no longer well defined. The angular
momenta A and R form a resultant which is defined by N given

as
N=a, A+1, A+2,A+3 .., (2-2)

where N is the total angular momentum of the molecule apart
from spin. In this situation the angular momenta N and S
form a resultant J, the total angular momentum including spin,

and may be expressed by the relation

=(N+8), N+S-1),--- [N-5]. (2-3)
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The energy of the levels here is mainly determined by N and
the spin causes a small splitting of the lewels into sub-

levels. The rotational energy takes the form

F,Q0 = B, NOWD) - #2]

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

In fact, in most of the actual cases °II states are close to
Hund case (a) for slow rotations and close to case (b) for
fast rotations. Incidentally, OH represents a typical case
where one finds a rapid transition from case {a) to case (b)
while going to higher rotational levels.

The rotational term values of spin components of a 21
state for an intermediate case or, in other words, for any
magnitude of spin-orbit-coupling have been calculated
theoretically by Hill and Van Vleck (1928). In the case of
the 2H3/2 and 2111/2 states, the respective relations accord-

ing to Herzberg (1950) are

F (D) =B l:(J +1/2)2 -1 - 1/2 {4(J +1/2)2 -
1/2
4 Ay« Ayl Tlp g (2-5)
&)+ @)} IR
FJ) =B [(J +1/2)2 -1+ 1/2 {4(J +1/2)2 -
2 v

/
4 (%V) + (%‘,)2; 2] D (J + DY, (2-6)
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If, however, these relations are expressed in terms of N and

neglecting the centrifugal force term Dv’ we get
- 2 .1 - 2 - /2
F ) - B, {@w 12 -1 -1/2 {4(N+ D2+ (Y 4)} ]
..(2-7

1/2
F 0D = B, [NZ - 1+1/2 {4N2 LY, (Y, - 4)} ] ,

...(2-8)

where Yv = A/BV. Here Y, Tepresents the coupling constant
and other symbols have their usual spectroscopic meanings.
When there is a large spin-orbit uncoupling [Hund case (b)],
‘z’v is too small, and the square root term in the above

relations can be replaced by

YO -8
20+ 2 = gy (2-9)

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

the respective terms become

X Y, (4-Y)
) = - \2 . - - -
Pl U} B‘V N(N * l) 1+ T(.N—;—l-\)i_ + » (2 10)

Y, (4 - YV) )

F(N)=B NN+1) -1 -
F 00 = B, NV + 1) =

(2-11)



MOLECULAR STRUCTURE AND SPECTRA i3

When YV is too large in the case of strong spin-orbit coupling
[Hund case (a)], these two formulas may be combined giving

the expression

F(J) = Boge J (J+1) - D, J2 (J + 1%, (2-12)

where Beff is slightly different for the two multiplets.

According to Mulliken (1931), Bef for these doublet states

£
is

B =B [1z BV /A+ - -] (2-13)

eff

Using the above formulas, one can determine the spin multiplet
separations whatever the coupling conditions might be.

In addition to spin multiplet structure arising out of
spin-orbit interactions there exists yet another splitting of
each spin component of a 2T state. Both Fl(J) and FQ(J}
states are two-fold degenerate. This degeneracy arises out
of the interaction between the nuclear rotation and the
orbital angular momentum which gives each spin-split level a
positive or negative symmetry. This is known as 4 - doubling.
The two A - components are characterized by opposite symmetry
with respect to inversion at the origin of the coordinates
(H; and H;). Such a splitting manifests itself appreciably
well, particularly for greater speeds of rotation or, in other
words, at higher J values. In Hund case (a), when the spin

doublets of a 2& state are quite far apart, A-doubling in the
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2H1/2 component varies with the first power of J while in

the 2n’3 /s component, it is relatively very small. It is
only in a higher order approximation that the'zna/2 component
exhibits a A-splitting proportional to J3. According to
Kovacs (1969), in the Hund case (a) the A-separations can be

expressed as

C C
Av (2 =2 21 22 J-1/2) (3 +1/2) (3 + 3/2), (9-
( HB/Q) v + 3 (. /2) ( ) G (2-14)

and

Av gj?nl/z) =z (C + €)W +1/2) (2-15)

whereas in the Hund case (b)

2 = + -
av ( na/z) C2 N+1) N Cl N+ 1), (2-16)

and

2 = _
Av ('Hl/z) C2 (N+1) N c1 N (2-17)

where Cly Cz and YV are the parameters involving different
coupling constants.

In the case of 2H1/2 state of OH, a reversal is observed
for a A-doubling between N = 4 and N = 5 as one would expect
on the basis of the relative values of C2 and C1 as applied
to OH. Mulliken and Christy (1931) have studied the changes

in C1 and C2 as a function of J for increasing rotations.
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In addition, the nuclear spin of the molecule induces further
splittings in these lambda-components, thereby causing what

is known as "hyperfine multiplet structure." Interaction
with an external magnetic field results in further split-up of
the hyperfine structure. Such a set of levels is encountered
in the study of microwave zeeman effect or the electron spin
resonance spectrum of this molecule. Figure 2-2 depicts all

such multiplet structures.

The state 25*:  In such an electronic state, the molecule
possesses no resultant orbital angular momentum along the
internuclear axis (A = 0) and the electron spin S is always
coupled to the rotation axis of the molecule. The Hund case
(b) applies to all N values. The Iowest rotaticonal level is
J = 0, rather than 1 as in the case of a 2 state. However,
if N is not equal to zero, there exists a A-type doubling
due to magnetic coupling of the spin and the momentum due to
rotation. The two dowblet components F1 and P2 are coinci-
dent for N = 0. The rotational energy terms for F1 and F2

are expressed as
FJ"I/Z(N) = Fl(N) = BV N(N + 1) -

D, N2(N + 1)2 + 1/2 ¥ N, ... (2-18)
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and

Flayz ® =F,00 =B NN+1) -

D, N2(N + 1)2 - 1/2 vy (N + 1). (2-19)

From these ‘above expressions the doublet splitting can be

lerived as

AFIZ(N) = y(N + 1/2). (2-20)

The splitting constant y is very small compared to Bv and
is 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 at higher

rotational quantum numbers.

SPECTRAL FEATURES OF BAND STRUCTURE IN DIFFERENT

RADIATIVE TRANSITIONS

Three groups of rotational structures corresponding to
the three’types of electronic tramsitions, 2% - 2z, 21 - zni,
and 21 - 21, have been identified in OH spectra.

25 - 25 Transition: Rotational structure in the bands
arising out of the.electronic transition 2% - 2z is charac-
terized by single P and R branches quite similar to the

simplest type of 1z - 1I transition. Each of these lines

are further resolved into two strong components and one weak
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satellite. Thus, the R-branch consists of Rl, Rz’ and RQ21
and P of Pl, Pz’ and PQm. The lines RZ(O), P2(1) , and all
P(0) lines are missing. All such branches are shown in
Figure 2-3. Since 2r state always belongs to Hund case (b),
only the selection rule AN = £ 1 holds. AN = 0 is not valid
in a 2r - 2% transition; consequently, Q branches are missing.
The separation of the two sub-levels with J = N + 1/2 and
J =N - 1/2 for a given N is, in general, quite small as
compared to the separation between successive rotational
levels. Under normal instrumental resolutions one, therefore,
gets the same band structure as for !r - lr bands except
that the lines are now to be numbered by N instead of J. If
the indices 1 and 2 correspond to J = N+ 1/2 and J = N - 1/2
respectively, one gets six branches (4 main and 2 satellite)
given in table 2-1.

The rotational terms for spin multiplets of a 2z state

are given below.

E (N)=BVN(N+1)+1/2yN-DVN2 (N+ 1?2,

e (2-2D)

F () =R NN+1) -1/2y N+ 1) -D N2 (N +1)2,
2 v : v

Lo (2-22)
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1ABLE 2-1  TERM VALUE DIFFERENCES AND SELECTION RULES
FOR 2¢ - 25 TRANSITIONS

Nomenclature Term Value Differences Selection Rules Remarks
v an'l AN AJ
7 "
P F (N-1) -F (V) -1 -1
1 1 1
R z:; oN+1) - F'l' ™ 1 41
) , Main Branches
"
P F N-1)-F (N -1 -
, ) t ) ) ] 1
R e -F o a1 =
2 2 2
R i "
Q F (N+1) -F (N) +1 0
21 2 1
Satellites
y FoN-1) -F 1
12 1 ( ) 2 ™ ) 0

where v represents the spin-splitting constant.
From the sbove, one can determine the spin doubling as

follows:

o @ =@ -P)= G-I N2 G-

<. (2-23)

and

Av R) = (Rl - Rz) = (y' -y N+1/2 (3y" - v")
ce. (2-28)

The splitting of lines in the branches increases linearly
with N, the magnitude depending essentially on the difference

of the splitting factors in the upper and the lower states.
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25 - 2 Transition: The appearance of 2¢ - 21 bands
differs considerably according to whether the state 2T be-
longs to Hund case (a) or (b) or intermediate between (a) and
(b), and to the magnitude of spin doubling of the rotational
levels in the state 2L. The band structure characteristics
arising from the different nature of the 2I state are briefly

discussed below.

25 -2 (a): When the state 2T belongs to Hund case (a),
the spin-orbit coupling is strong and there exist two
iistinct sub-bands 2r - 21 and 23 - %1 , . Each sub-

3/2 1/2
band has six branches (3 main branches and 3 satellites)

making 12 branches in all. These are identified as

2g - 25 ,: P Q R main branches
3/2 1 1 1
Op q QR satellites
12 12 12
2t -2m ,: P Q R main branches
/27 T2 2 2

&
&5
2]

R satellites
21 21 21

and are depicted schematically in figure 2-4. Here the
satellites are of almost the same intensity as the main
branches. The term values of these 12 branches are presented
in table 2-2.

25 - 211 (b): When the spin-orbit coupling gets pro-
gressively weaker, the state 21 moves towards Hund case (b).

While the main six branches continue to be strong, the
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TABLE 2-2  TERM VALUE DIFFERENCES AND SELECTION RULES
FOR 21 - 2n(a) TRANSITIONS

Nomencl ature Term Value Differences Selection Rules Remarks
veml AN AJ
1 1"
P F (N-1) -F -1 -1
. L ¢ ) . ()]
1 "
F -F 0 0
Q1 . ™ . m
R F; N+ 1) - F'l' ) 41 ]
, " Main Branches
P F (N-1) - F -1 -
i MGV e 1
F gy -F (N 0 0
o, NORE NG
1 "
R F (N+1) - F +1
) GRS e =t
% F ) -F
- , w - . N 0 -1
F (N+1) - F 1
+ - +
21 2 ) 1 (N) 0
PN+ -
+ - + *
21 2 ( ) 1 (N) 2 1
. Satellites
P F(N-1) -F (N 1 0
12 1 2
R FF - o 0
- +
12 1 2 t
% F(N-2)-F
12 1 ) 2 (N) K 1

satellites get weaker and weaker and finally become extinct
when the coupling becomes insignificant and the state 21
conforms exclusively to Hund case (b). At such a stage only
the six strong branches are observed.

In intermediate stages of coupling when the state 2%

approaches to Hund case (b), two outer satellites OPlz and

SR21 are entirely absent (AN # % 2) and the remaining four



24 FREE RADICAL OH

{QP s PQ y RO , QR > are also very weak and fall off
21 12 21 12
rapidly as N increases.

X 2 - X ?11: The fine structure of infrared rotation-
vibration bands of OH is characteristic of a 21 - 2I transi-
tion. Here the rotation-vibration transitions take place
within the same ground electronic state 2.

In Hund case (a) the selection rule A = 0 holds and as
a result each X 21 - X 2N band splits into two sub-bands
2y - 21 and 21 - 2p , . Each of these sub-bands

1/2 /2 3/2 3/2
should have six branches forming three close pairs, namely,
2P, 2Q, and 2 R. Since Q branches are very weak and each
sub-band has only one head, apparently each band has only two
heads. These two sub-bands, however, differ in the number of
missing lines at the beginning of the branches and in the mag-
nitude of the A-type doubling, which is appreciably greater
for 2111/,2 than for the 2113/2.

In Hund case (b), the selection rule AN = 0, + 1 holds
and the rule that branches corresponding to AN # AJ are very
weak alsc holds. There are again twelve branches which corres-
pond completely to those of case (a) except that now they do
not form two separate sub-bands. Since in such a condition,
there is an appreciable amount of A-doubling, each spin compo-
nent is once more split into two components. The additional
12 satellite branches with AN # AJ are usually not observed,

although theoretically predicted. These would make the

total number of possible branches as much as 24.
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The rotational line strengths for the 21 - 21 bznds of OH
with intermediate coupling have been evaluated theoretically
by Benedict, Plyler, and Humphreys (1953). According to their
estimations, the vibration-rotation bands of CH exhibit a
series of lines grouped in sets of four. These groups conmsist
of the pairs of spin doublets whose separation decreases with
increasing N. Each component of the spin doublet is itself a
A-doublet whose separation increases with increasing N. The
term values for various branches of 2l - 2n transitions are

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

TABLE 2-3 TERM VALUE DIFFERENCES AND SELECTION RULES
FOR 27 - 23 ‘TRANSITIONS

Nomenclature Term Value Differences Selection Rules Remarks
v (el oN a7
[ "
P F (N-1)-F -1 -1
| ) ( ) N ™
' "
F -F 0 0
Q‘ s ™) N ™
R FNM-F -1 1 s
1 1 1 Main Branches
' "
P F -1 -F -1 -1
2 2 -1 2 ™
' "
q, F, 00 -F M 0 0
v "
- F - +1 +
Rz Fz m A N-1 1
F £ 0 1
21 2 ™ - 1 ™
' "
F ~-F (N-1 +1 0
21 2 ™ 1 ¢ )
" £
- - +!
21 2 ™ 1 &-2 z +
Satellites
P ) 1-F 1
Q, , , ™ 0
% F . F +1
12 , ® Fz ™ 0

3 F; (N-Z)-F:(N') -2 -1
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Chapter 3
OBSERVED SPECTRA OF OH

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 transitions involved,
these spectra can be classified in the following three broad

categories.

Electronic Spectra
Rotation-Vibration Spectra

Rotational and Sub-Rotational Spectra.
ELECTRONIC SPECTRA

This class of spectra is characterized by radiative tran-
sitions between various electronic states of diatomic CH. In
this category five electronic radiative transitions have been

observed and identified.

System A

A %5F e X 2\'[3/2, 17 (4107 -24442\): This group of bands is
perhaps the most easily excitable band system of the OH mole-
cule and consequently observed even if water vapor is present
as a minor impurity in any discharge. The well known "water
vapor bands' known to be among the earlier observed, one time
assigned to Hy0 or 0,, were eventually identified with this

band system of OH. Most of the system lies in the ultraviolet

region and has been extensively studied both in absorption and
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emission from a variety of sources. Grebe and Holtz (1912)
were perhaps the first to measure the rotational lines of the
30642.ban§.which is the strongest one in the system. Heurlinger
{1917) gave a formal classification to these lines but the
significance of this classification could not be recognized in
the #bsence of any plausible theory of the band spectra in
those days. Purther progress in this area was characterized
by the measurements and analyses of the additional bands by
various authors [Watson (1924); Dieke (1925); Jack (1927,

1928 a, b); Tanaska and Siraisi (1933); Tanaka and Koana (1933,
1934); Dawson and Johnston (1933); Chamberlain and Cuther
(1933); Johnston, Dawson and Walker (1933)]. Because these
measurements were made utilizing low dispersion instruments,
the results reported by different workers varied quite often
in their details. Another series of investigations on OH
spectra dealt with the behavior of (H bands in different
light sources, namely, flames and chemiluminescence
(Oldenberg, 1935; Frost and Oldenberg, 1936 a, b; Oldenberg
and Rieke, 1938 a, b, c). The latest exhaustive work on

the ultraviolet bands of OH is that of Dieke and Crosswhite
(1948, 1962) and is undoubtedly superior to the work reported
earlier. These authors used the bluish outer cone of an
oxyacetylene flame to produce these bands and recordea the
spectrum on a 21-foot concave grating spectrograph in the
second order (linear dispersion ~0.6 Z/nmo. There have been,

however, a few subsequent additions to 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 in a flow
system under low pressure in a Geissler discharge tube.

Later, Bass and Broida (1953) published a spectrographic atlas
showing the intensity distribution of these bands. The
Deslandres scheme, showing the wavelengths and intensity
estimates for the band-heads of different CH bands in this

system so far reported, is presented in table 3-1.

TABLE* 3-1 THE DESLANDRES SCHEME OF A 2z <> X ZHi

\f'
v' 0 1 2 3 4 5
0 3064 3428 3843
10 7
1 2811 3122 3484 3898
9 9 6
2 2609 2875 3185 3959
4 9 6
3 2444 2677 2945 3254
1 5 6 4
4 2517 2753 3022 3331
2 4 5 4

E3

Rosen (1970)

Note - Underlined band is the most characteristic in A-X
system.
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This band system is allowed by the change in electric
dipole moment which results from the electronic transition
A4 23 - X 21, There are only six allowed branches, namely,
?1, Ql, Rly and Pz’ Qz’ R2 corresponding to the transitions
A2y —*{2113/2 ‘
the 2 states belong to Hund case (a), the spin-orbit-coupling

and A 237 - X znl/z, respectively. Yet, when

is large leading to a large separation between the multiplets
i / and 21 /.5 the selection rule AN = 0, + 1 no longer
3/2 1/2
holds, and all the transitions follow the selection rule
AT =0, 1 and + <> -. 1In addition, there are satellite
branches for which AJ = AN and the intensity decreases rapidly
with increasing N. These satellites have the same form as the
six main branches. TFor a small doublet-splitting of the 25"
state, these lines lie very close to the corresponding lines
of the main branches. This description is applicable only for
lower J quantum munbers. For higher J values (J > 4) when the
Hund case (b) becomes important,the satellites are seldom
observed. Figure 2-4 represents all such possible transitions.
As mentioned in Chapter 1, a comprehensive report on the
various vibrational and rotational transitions involving the
electronic A 23 and X zni was presented by Dieke and Cross-
white {Bunblebee Series Report No. 87, 1948). This document
has also appeared in its original form without any updating
or modifications as an open literature article (Dieke and
Crosswhite, 1962). The report presents the useful and relia-

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. It also presents computed
values for the various transition probabilities. Because this
publication is almost completé in its' scope and has been the
subject of frequent citations, the data given have not been
reproduced in the present monograph. As mentioned earlier,
however, Stoebner and Delbourgo (1967) identified three addi-
tional bands in the region 3844 - 41073 forming a new sequence
Av = -2 in this system. They presented a rotational analysis
for these new vibrational tramsitions (0,2), (1,3) and (2,4),
and determined the values of the rotational displacements,
AF"J (v' = 4), for the level v' = 4 which were hitherto undeter-
mined., They also obtained the value of the coupling constant
"g" (a = -8,547 for v'' = 4). These observations were taken
under relatively low dispersion (Hilger quartz/glass spectro-
graph) compared to those of Dieke and Crosswhite (21-foot
grating; second order). Therefore, the rotational displace-
ments for the levels v' =0, 1, 2 and v'' = 2, 3 determined 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 this, only wavelength data for P,
Q, and R branches of these three new bands for v'' = 4 are

presented in tables 3-2, 3-3 and 3-4.

OH Lines in the Solar Spectrum: A large number of rotational
lines belonging to the OH bands in the ultraviolet system

+
A2p7 - X zni have been identified in the solar spectrum.



TABLET 3-2 OBSERVED WAVENIMBERS OF THE A 25% - X an SYSTEM

(0, 2) BAND

N Py Q, Ry P, q, R,

1 25469. 8 25503.3 2.570.0 25343.8 * 25375.3 ® 254441
2 426.0 493.2 595.0 320.5 388.3 488.3
3 5 384.3 485.,2 620.3 294.0 395.7 530.4
4 % 343.8 478.6 647.5 % 266.2 .- % 570.0
5 205.3 472.0 % 675.2 236.7 .- 606.7
6 % 266.2 466.7 702.5 205.6 407.3 641.7
7 228.6 460. 8 729.9 173.6 407.3 % 675.2
8 191.1 % 4557 757.8 140.9 407.3 706.8
9 154.2 450.0 784.5 107.7 -- 738.0
10 117.4 * 4441 810.4 073.8 -- 767.0
11 080.2 437.2 835.8 039.5 -- 794.6
12 043.6 % 430.8 859.2 % 005.7 395.7 821.1
13 % 005.7 424,0 882.9 %24970.1 389.9 845.8
14 #24970.1 415.4 904.9 * 934.6 - 869.1
15 % 934.6 * 406.5 925.5 899.0 & 375.3 890.5
16 896.9 397.4 % 943.5 % 863.4 367.4 910.1
17 859.1 -- 959,9 827.8 357.2 . 927.5
18 822.1 373.6 974.7 790.2 % 345.9 % 943.5
19 783.9 % 360.3 987.9 753.1 334.1 957.9
20 745.3 * 3459 998.3 -- 320.4 968.5
21 706.1 330.4 26006.9 - - % 976.7
22 666.0 313.3 % 011.6 -- 287.6 983.7
23 625.5 -- 015.1 597.0 -- 987.3
24 583.1 -- 015.1 556.5 % 250.4 987.3
25 540.9 % 248.2 % 011.6 511.5 % 228.6 982.1
26 498,3 223.2 % 006.9 470.0 % 205.6 976.7
27 453.8 25994.2

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

L
(2%

HO volavy 334d



TABLEY 3-3 OBSERVED WAVENUMBERS OF THE A 2% -

N P,
1 -
2 #25176. 4
3 % 134.3
4 * 095.1
5 056.7
6 * 017.3
7 24980.1
8 942.1
9 904.2
10 866. 2
11 * 827.8
12 788.2
13 * 750.5
14 711.1
15 671.2
16 631.1
17 589.6
8 548.3
19 506.0
20 463.1
21 417.3
22

Q

25250.
240,
231.
224.
216.
208,
201.
193.
185.
176.
167.
156.
146.
134,
119.
105.
092.

059.

022.

WO WU R IR O &N P fn et O NN O P

~3

(1,3) BAND

Ry

25316.
338.
360.
384.

433.

503.

544.
563
581.

623.
633.

646,
646.

U oo W3

[ R R

[« )

w1

Py

*25095.
069.
043.

* 017

24987,
* 956.
924,
891.
856.
822.
788.
* 750,
712.
674.

597.
557.
516,
475,
433,
389,
345,

RN~V WUV WD

X Zni SYSTEM

S BN NO O

25123,
134.
140.

147,
147.
146.

* 134,
.« 128.
119.
109.
100.
088.

059.
022.

24996.
966.

R
2

25192.
231

305.
339.
371.
401.

[\ =N

~N B3

455.7
480.3

524.
543,
560.
577.
590.
600.
609.
615,

616.

ODOD DO

7Stoebner and Delbourgo (1967)

#The lines which have not been resolved completely or which correspond

to a number of theoretical transitions.
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In the (0,0), (1,1), and (2,2) bands, a total of 175 seolar
lines are ascribed to OH unblended and 124 have OH as a partial
contributor. A list of such CH lines and other. relevant data
are presented in Appendix A for ready reference (Moore and

Broida, 1959).

System B’ (Intercombinational)

B 2s* N A 25" (5660 - 42163): Schuler and Woeldike (1943)
were probably the first to identify these bands in the spec-
trum obtained in water vapor discharge. The system was fur-
ther studied by Schuler, Reinebeck, and Michel (1954); Benoist
(1955); Barrow (1956); Barrow and Downie (1956); and Herman,
Felenbok, and Herman (1961). However, Felenbok (1863) re-
investigated the OH bands in 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 their rotational analysis with precision. Also, the
spin doubling in the (0,6), (0,7), and (0,8) bands was meas-
ured and a breaking-off was observed for the rotational lines
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 to the predissociaticn by
the rotation of the upper state. Recently, Czarny and Felenbck
(1968) made a high resolution study of these bands using a
high frequency excited water vapor jet. They identified the
satellite line Ple and observed the perturbations, namely,

(a) the change of y sign between v'' = 5 and v'' = 6; (b) the
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rotational line half width variation for the bands (0,8), (0,7)

and (0,8); and (c) the increase in the half width for N > 6

in the (0,8) band.

Carlone and.Dalby (1969a) also carried out

a similar investigation of OH and observed an additional band

{1,4) but they failed to observe (1,7) band. The rotational

analysis of this system is presented in table 3-5.

TABLE* 3-5 OBSERVED WAVENUMBERS OF THE B 2r* - A 2t* SYSTEM
N R, R, P, P,
1,9
0 18058.76
1 18063.57 18063.30 18038.72
2 18064.76 1806430 18024.05 18023.57
3 18062.59 18062.00 18006.05 18005, 42
4 18057.54 18056. 80 17985.60 17984.79
5 18050.14 18049.18 17963.43 17962.45
5 18041.14 18039.99 17940.66 17939.44
7 18031.72 18030.24 17918.62 17917.25
8 183021.44 18019.80 17899.87 17898.38
(0,8)
0 18238.46
1 18242.14 18211.56
2 18239.50 18239.21 18188.80 18188.45
3 18230.53 18230.07 18159.67 18159.16
4 18215.53 18214.90 18124.67 18124.02
5 18194.81 18194.14 18084.20 18083.40
6 18168.94 18168.03 18038.81 18037.88
7 18138.48 18137.45 17989.15 17988.08
8 18104.29 18103.03 17935.88 17934.64
9 18067.22 18065. 83
0,7
0 19512.3
1 19512.3 19481.9
2 19502.5 19451.5
3 19482.8 19411.9
4 19453.3 19362.4
5 19414.5 19413.9 19303.9 19303.1
& 19366.2 19236.2 19235.5
7 19309.2 19308.5 19160.1 19158.9
8 16243%,1 19075.2

* Carlone and Dalby

Canada) .

(1969b, Depository of Unpublished Data of NRC Library,
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TABLE 3-5 (Continued)

3

N Rz R; P, P,
(0,6)
0 21136.8
1 21134.4 21103.8
2 21119.3 21068.3
3 21091.4 21020.4
4 21051.0 20960.2
5 20998.4 20997.8 20888.1
6 20933.8 20932.8 20803.7 20802.6
7 20856. 6 20856.1 20707.4 20706.6
8 20600.2 20598.8
(1,6}
0 21795.2
1 21788.1 21763.2
2 21766.9 21726.1
3 21730.6 21674.1
4 21679.9 21607.6
5 21612.6 21527.1
6 21432.1
(0,5)
0 23048.5
1 23047.2 23016.6
2
3 22993.5 22922.9
4 22944.4 22853.6
5 22880.6 22769.6
6 22801.3 22671.8
22559.7
1,3
0 23710.6
1 23701.9 23676.8
2 23676.8 23635.4
3 23633.8 23577.2
4 23573.7
5 23495.4 23409.3
6 23301.3
a,9
1 25862.40 25838.02
2 25832.88 25792.09
3 25784.36 25783.92 25727.77 25727.24
4 25716.78 25715.91 25644.65 25643, 88
5 25542.86 25541.94
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In the electronic transition B 2z* - A 2:¥ proposed for
this system, the state A 25" is the upper state of the well
known ultraviolet system A 23° - X Zni. The state B 21°
correlates with 0(!S)H(2S) molecule and its potential energy
curve is very shallow. The bands observed correspond to the
transitions of high vibration levels 4 < v'' < 9 of A 25" and
vt = 0,1 of the upper state B 25* . S0 far, only single-
headed-red degraded bands belonging to this system have been
identified, and are arranged in the Deslandres scheme in

table 3-6.

TABLE 3-6 THE DESLANDRES SCHEME OF B 25% » A 237

vtoo0 -- 4 5 6 7 8 9
V’i
0 4337 4730 5124 5480
4 6 8 8
1 3866% 4216 4587 4957 5534
4 4 4

x{l,éi{) band at 3866A was observed by Carlone and Dalby (1969a).
However, they did not observe (1,7) band at 4957A which was
earlier reported by Felenbok (1963).

Note - Underlined bands are the most characteristic in the
B-A system.

System C' {Intercombinational)
- o]
C 25"~ A 25" (2600 - 2249A)  This is an intercombinational
system of CH bands lying in the ultraviolet region. A few

bands now unequivocally identified as belonging to this system
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were observed earlier (Chamberlain and Cuther, 1933; Benoist,
1955; Schuler and Michel, 1956). It was Michel (1957} who
first studied this spectrum in greater detail. He observed
four bands at 2249, 2334, 2465 and 2545A and classified them
as (1,6), (1,7), (0,7), and (0,8), respectively. Felenbck
§1963) confirmed the investigations made by Michel (1957)
regarding these four bands and reported two additional bands
at 26003 and 24552.which fitted nicely into Michel's analysis
as (0,9) and (1,9) bands. He also conducted rotational
analysis for the two new bands but the dispersion of his
instrument in the region of interest was not sufficient to
claim any high order of precision.

Carlone and Dalby (1969a) reinvestigated this system
under better dispersion using a Jarell-Ash 3.4 m Ebert
spectrograph (Dispersion 0.4;/nm0. They reported six bands
in all; four of these bands were the same as reported by
Michel (1957), one at 2600& was the same as additionally
reported by Felenbok and classified as the (0,9) band in
Michel's analysis, and another sixth band at 26852¢ Felenbok's
sixth band was at 2455& and he did not observe any band at
26852J Carlone and Dalby (1969a) presented a modified
analysis on the basis of their observations and obtained a
different set of vibrational and rotational constants. On
the basis of isotopic relations, these authors concluded that
the v-mumbering of the earlier analysis (Michel, 1957;

Felenbok, 1963) was incorrect. Carlone and Dalby emphasized
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that what 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
Deslendres scheme. It may be pointed out that Wallace (1962a)
has reported 11 bands belonging to this system. Out of these,
only six bands have been observed and identified. The wave-
lengths of five additional bands at 2155.9, 2161.1, 2267.1,
2370.3, and 2405.92 as tabulated by Wallace appear to be the
computed values., This was mentioned in the reference (Herman

et al 1961) cited by Wallace.

TABLE 3-7 THE DESLANDRES SCHEME OF C 2r% - A 23*

Vvﬂ
V' 5 6 7 8 9
0 2685
9
1 2465 2545 2600
8 9
2
3 2249 2334

“Carlone and Dalby (1969a)
Note - Underlined bands are the most characteristic in C-A
system.
The state C has been found to possess a number of re-
markable characteristics. Although it has a relatively large

dissociation energy, its internuclear distance (re) is about

double and its fundamental vibration frequency less than half
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that of the low-lying states of both OH and OH'. All these
characteristics are that of a strongly ionic state. It seems
likely that it may correspond to an ionic state (presumably
H+O') and would, but for the non-crossing rule, dissociate
into ions. If this hypothesis is true, one would expect the
C-state to possess a very large electric dipole moment.
Another remarkable features of this C-state is its very large

spin-splitting constant [y = (0.25) B].

System C

C 25" + X 2y (1990 - 17704y, Felenbok and Czarny (1964)
identified this system comprised of red-degraded bands with
weak vibrational structure, in the vacuum ultraviolet region.
The spectrum was produced by a high frequency discharge in
water vapor at low pressures. The observed bands have been
classified as involving only two low-lying vibrational levels
v' =0, 1 of the C 25" state and v"' = 10 to 16 of the X Zni
state. The.last band observed was the (0,16) band which lies
very close to the limit of dissociation of the X zni state.
The wavelengths of the band-heads in the Deslandres scheme are

presented in table 3-8.

* .
TABLE 3-8 THE DESLANDRES SCHEME OF C 25" + X 2H?.
. V" 0 10 11 12 13 14 15 16

1578 1624 1668 1708 1741 1765 1779

v
0 1635 1686 1734 1777 1813 1839 1854
1
%

Felenbok and Czarny (1964)

Note - Underlined bands are the most characteristic of C-X
system,
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YUY Absorption Band

25" « X Zﬂi (12212\): Recently Douglas (1974) has reported
a strong absorption band due to OH around 1221?\. From the
analysis of high resolution records obtained on a 10 m concave
grating wvacuum spectrograph in the ninth order (reciprocal
dispersion O.Z/OX/Imn) , he concluded that this band is most
probably due to the transition 2z  « X ?I; in which 21" is a
Rydberg state.

OH spectra around IZOOR were ‘explored earlier too, but
all such attempts proved futile, particularly because of the
strong overlapping absorption due to H,0 and the vibrationally
excited Hy. Discharge through water vapor provides a copious
quantity of OH radical which is evinced by the appearance of
strong CH sbsorption bands due to A 3 - X 2I. But side by
side, there exists an abundance of H,0 molecules in the system
giving relatively strong absorption near 1200/1, Douglas also
produced CH by a condenser discharge but through a mixture of
0,, Hy and He. By reducing the time delay between the dis-
charge through the absorption colum and the continuum flash,
he was able to record a new band due to OH at 12213,, The
identity of the absorbing molecule was established by replac-
ing H, by D, in the system and observing the corresponding
isotopic shifts. Hy0 bands under such conditions were not so
interfering as otherwise. It may be remarked here that such
an experimental condition also does not favor the appearance

of the well known A 23 > X ZHi band of OH or OD.
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The new band has been classified as the (0,0) band of a
new electronic transition 25 < 2Hi' It has the open struc-
ture characteristic of a hydride band which comprises all of
the six branches, P1 ) Q1 ) and R1 ) expected for a 25 - 21
transition. ’ ’ ’

The wavenumber list of the different rotational lines is
presented in table 3-9. Analysis of the data indicates that
P and R branch transitions terminate on the same lower state
levels as the Q branches of the A 25’ - X Zni transition.
Since it is well established that the A state is a 21" state,
the new excited state must be a 2r  state. Further, since
no 21 states are expected to arise from the basic orbital
configurations of OH, it could be that the new 2r state might
result from o - Rydberg orbitals built on the 3¢ core of the

radical OH . The state 25  can thus be classified as

a Rydberg state having B - value of 15.216 cm™! and 4G(1/2)
value of approximately 2750 cm™!. These valuss are compar-
able with the corresponding values for the 3¢ state of o
This hypothesis is further borne out by the theoretical
calculations of Rydberg terms by Lefebvre-Brion (1971) and
Easson and Pryce (1973).

The transition probability of this new system (%r - 2Hi}
must be quite high since the (0,0) band can be cbserved in
absorption even when the number density of OH in the absorp-

tion tube is so small that it is not possible to get the

otherwise most readily observable OH system A 23" - X 2T,



TABLE'3-9 WAVENUMBERS OF THE LINES OF THE 22 - A 211 BAND OF CH (0 0)BAND)

J Py(J) Q1(9) Ry () Py (J) Q,(J) R,(J)

0.5 81 702.27% 81 763.55
1.5 81 797.86* 81 889.07* 81 641.27 702.27% 794.14%
2.5 745.60 81 805.62* 600.97 813.71
3.5 686.70 778.29 551.66 672.60 824.87%
4.5 624,19 745.60 494,08 645.74

5.5 556.24 708.82 889,07% 429.58% 610.66 821,71
6.5 483.04 665.82 874.79 356.80 568.53 808.29
7.5 404.22 617,74% 855.00 277.59 519.15 787.45
8.5 319.39% 562.85 462.97 758.83%
9.5 229.48 502.44 790.75% 399.79 723.79
10.5 133.58 435.98 758.06% 001.00 330.09 681.62
11.5 031.76 363.28 712.04 80 896.10 254.09 632.83*%
12.5 80 924.42* 284.76 659.73 785.22% 171.80 576.07
13.5 811.51 083.27 512.81
14.5 693.02% 109.74% 80 988.35 442,94
15.5 013.45 887.30

16.5 80 910.95 780.16

17.5 801.93%

* Overlapped lines.

+ Douglas (1974)

i

HO TvJlavy 33¥d



OBSERVED SPECTRA 45

It may, therefore, be possible that at least three strong
rotational lines of this electronic transition, namely,

1221.166A ®) 1222.071A @) and 1222.5247 () might be
observed in absorption in interstellar space where the OH

number density is expected to be low.
ROTATION-VIBRATION SPECTRA

This spectrum is characterized by the radiative transi-
tions between various vibrational levels of the ground elec~-

‘tronic state zni of the molecule OH.

Meinel Bands

X 211, - X 211, (44745 - 38104 These bands were first ob-
served and identified by Meinel (1950a, b) in the spectrum
of night airglow. Later on these bands were detected in other
natural radiative phenomena such as day airglow and twilight,
etc., as well as in a number of laboratory sources. Because
this discovery by Meinel proved crucial in establishing the
correct identity of quite a few of the astral radiations, this
group of OH bands is also termed as 'Meinel bands'. For
example, an emission around 65002 in the night airglow spec-
trum, once considered presumably due to Hy (Elvey, 1950}, was
in fact due to OH. The airglow emission near 104402)\y which was
designated by Swings and Meinel (1951) as the (0,0) band of the

first positive system of N;,was also in reality the OH emission.

Night airglow happens to be one of the most efficient

sources of rotation-vibration emission of OH. Using high
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altitude balloon-borne instruments, this system of bands has
been scanned up to 36000A in the airglov. (MacDonald et al,
1968; Moreels et al, 1970; Pick et al, 1971; Bunn and Gush,
1972; Lowe and Lytle, 1973). It may, however, be pointed out
that although this system has actually been found to extend
throughout the spectral region 44745—381013 as evidenced
through ldéboratory studies, airglow OH bands could so far be
identified up to 36000.10\. As a matter of fact, though the
nature of the transitions involved in this spectrum is such
that a major part of the total emission energy should be
confined to the bands lying above 2800A (Wallace, 1962b), the
strong background intensity due to thermal emission from the
lower strata of, the atmosphere starts creating difficulty in
the investigation of the airglow spectrum from 2500010\ onward.
It is only through airborne high altitude experiments that it
has been possible to identify OH bands up to 36000‘2, and that
too only a few members of the Av = 1 sequence (1-0, 2-1, 3-2,
and 4-3). (Lowe and Lytle, 1973)

In laboratory, this system of OH bands has been quite
extensively studied by many workers, Dejardin, Janin, and
Peyron (1953) and Herman and Homnbeck (1953) obtained these
bands using oxyacetylene flames. McKinley et al (1955) and
Bass and Garvin (196Z) investigated these bands in the spec-
trum of chemiluminescence produced by the reaction of atomic
hydrogen and ozonized oxygen at low pressures. The bands

with v > 10 could not be observed either in the laboratory
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sources or in the airglow., Meinel (1950 a,b) was the first to
note the abrupt decrease in intensity of the CH airglow bands
for v > 9 which corresponds to the vibrational energy equal to
3.3 eV. This discontinuity is a characteristic feature of the
OH rotation-vibration bands emitted by the known lzboratory
sources as well. A schematic of the transitions involving

v = 9 is shown in figure 3-1.

30 | v

bve=6 Ay=5 Av=4 =3 pv=2 Lv=1
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Figure 3-1 Schematic of the observed rotation-vibration bands in
the ground electronic state of OH.
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Each band has distinct P, Q, and R branches. The R-lines
form the band-heads. Since 2IIi is a doublet composed of 2H3 /s
and 2111/2, 2113/2 lies approximately 140 cm™! below 2111/2 , two
sets of P, Q, and R lines are obtained. One set Pl, Ql, and
R1 corresponds to 2113/2‘ and the other P2, Qz’ and R2 to 2H1/2'
The P2 . Q2, and R2 lines are weak comparegl to P1’ Ql, and R2
as the latter group of lines corresponds to a more populated
2]13/2 state. Consequently there is an alteration of intensity
between P1 and P2 and so on for each band. The Q branch in
each case forms an unresolved line-like structure near the
center of each band and has an appreciable intensity only for
the lower J values. There is also a A-dowbling which has been
identified in the high resolution lsboratory 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 ROTATION-VIBRATION BANDS OF X le:.l STATE OF OH
R'BRANG{RJMBAND-HEADFORN<7ANDQBRAMHK)RN37

v 0 1 2 3 4 5 6 7 8

<

28016

14342 29380

9791 15052 30862

7461.4 10286 15830 32495

6136.7 7849.3 10684 16690 34308

5253.9 6463.6 8278.3 11285 17647 18734

4627.4 8542 6827 8758 11961 38668
4163.9 4890 5865.4 7238.6 9305 ~ 12743 20003 41440

L I - T R e P R O

3809.7 4409.3 5187.5 6234.4 7712 9942 13662 21514 44745

*Rosen (1970)
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Chamberlain (1961) in his book 'Physics of the Aurora
and Airglow' has compiled the wavelengths for 45 band origins
along with their branches. These wavelengths were computed
from the energy levels tabulated by Chamberlain and Roesler
(1955) and rotational and spin constants reported by Herman
and Hormbeck (1953). It may be mentioned that the most accu-
rate wavelengths measured on airglow spectra are probably
those of Kvifte (195%9a, b) for 5-0, 6-1, 8-~2, and 9-3 (photo-
graphed at 35:\/rnm); Chamberlain and Roseler (1955) for the P-
branch lines of 5-1 and 6-2 [701?/11111); Wallace (1960) for 8-3
and 9-4 (SOR/mm); and Wallace and Jones (1955) for 3-0, 4-1,
5-2, 8-4, and 9-5 (SSK/mm). Moreover, the most accurate wave-
lengths on laboratory spectra are probably those measured by
Herman and Hornbeck (1953); Dejardin, Jan:'ui, and Peyron (1953);
and Bass and Garvin (1962). Bass and Garvin (1962) carried
out an extensive study of the rotation-vibration spectrum
photographed in fhe region 3900—11500}0\ in the H + 03 reaction.
They presented a rotational analysis of the bands up to 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 to be ignorable. The
rotational anélﬁis for observed bands is presented in table

3-11.
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TABLE* 3-11  WAVENUMBERS OF LINES IN THE HYDROXYL RADICAL ROTATION-VIBRATION
o . 3
BANDS, 4000 A - 11000 A OBSERVED IN THE H + O, REACTION

V-V
Line 8 -0 9 -1 7-0 8§ -1 9 -2 6 -0
R head 21595.0 19267.8
Ry (5)
Ry (5)
Ry (4) 19248.9
Ry (4) R1(4)
Ry (3) Ry(2)
Ry (3) R, (2)
R, (D) Ry (1) 20442.7
R, (2) Ry (1) 20432.9 9-2 Py (4)
Ry (1) 22669.0 9-2 P1(4)
®, (1) 659.8
Q (1 617.4 21536.9 386.4 19217.4 9-2 Py (5)
Q (2) 596.1 364.7 190.7 18933.3
Q (3) 18918.0
Q 4 126.0
Q (5
P, (2) 22558.6 331.4 161.5 883.0
Py {2) 538.9 21451.9 303.2 136.7 864.9
Py (3) 505.5 272.8 106.9 839.2
Py (3 23813.4 479.2 393.1 248.5 083.1 815.2
P, (4) 765.5 433.5 354.7 207.3 043.5 774.5
Py (4) 741.3 409.0 334.7 184.1 19022.4 755.0
Py, (5) 686.2 345.7 131.7 18968.4 704.9
Py (5) £658.1 327.0 263.4 110.7 948.5 687.6
P, (6) 591.4 254.2 047.6 6-0 P5(2) 626.0
Py (6) 566.1 236.6 176.5 20029.0 6-0 P1(2) 613.7
Po (7) 484.9 156.1 19951.7 18790.3 539.5
Py (7Y 467.7 135.1 21082.3 934.8 6-0 P,(4) 525.7
P, (8) 032.4 847.0  6-0 P1(5)
Py (8) 354.2 22018.5 20986.7 832.1 18671.2 9-2 P;(10)
Py (9) 21898.9 . 733.5 574.2
Py (9) 238.9 886.3 883.2 718.8 556.2
Py, (10) 605.3 451.9
Py (10) 770.0 594.8 437.9 224.5
p, {11) 473.1 113.9
Py (11) 743.9 615.8 463.4 103.7
v, (12) 174.1
Py (12) 332.5 163.9

* Bass and Garvin (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 18042.1 17043.6 16290.2 16033.0 15466.5 14639.
R; (5) 17018.8
Ry (5) 16003.0
R, (4) Ry (1) head
Ry (4) Ry (1)
R; {3) head head
Rz (3) Rl (1) 'Rl (2) head
Ry (2) head 16284.2 15460.5 head
Rz (2) 18036.1 Ry (1) R; (1) Ry (1) 14629,
Ry (1) Ro{(2) 17039.6 16272.2 head 449.1 R, (2}
Ry (1) 18021.0 17027.1 254.5 16020.9 433.5 14615
Q (1) 17973.2 16976.1 202.8 15976.3 382.6 565.
Q (2) 955.8 957.6 188.6 958.0 369.0 550
Q (3 930.1 936.1 . 167.1 348.1 528
Q 4 17896.9 P1(2) 319.3 501
Q (5
P, (2) 917.5 16927.0 16144.3 925.4 15328.4 511
P; (2) 892.3 902.0 118.7 900.6 303.2 486
P, (3 . 864.3 873.3 091.6 876.2 276.5 461
Py (3) 841.6 852.3 16069.2 852.3 255.1 439
P, (4) 803.4 815.0 9-3 head 816.1 219.5 406
Py (4) 782.3 793.5 16014.5 795.3 200.3 385.
P, (5) 732.8 746.5 15967.0 748.6 155.3 342
Py (5) 713.9 727.3 950.0 730.0 138.7 325
P, (6) 655.2 . 670.4 15895.1 670.9 n84-.0 272
Py (6) . 640.6 652.7 9-3 P, (3} 654.1 069.0 257
P, (7) 569.5 584.6 587.4 15006.6
P (D 555.7 '570.0 . 15804.4 571.9 10-4 Ry (1) 195.
P, (8) 472.9 492.2 9-3 Py(5) 494.6 14924.4
P, (8) 460.0 478.5 15714.2 480.3 912.6 111.
Py (9) 371.6 390.7 638.8 15394.2 834.0
Py (9) 358.2 378.4 629.7 6-1 Q(1) 824.6 14022.
P, (10) 261.2 541.3 15286.7 737.4
P; (10) 250.3 527.3 6-1 Py (3) 726.3 13928.
P, (11) 144.3 15179.3
Py (11) 135.6 16155.8
P, (12) 15045.2

P, (12) 15034.6

20
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TABLE 3-11 (continued)
] A
V-V
Line 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
Ry (5)
Ry (5)
Ry (4
Ry (4)
Ry (3) head - 725.37
Ry (3) : R1(2) R1(2)
Ry (2) head . 064.4 11404.5
Ry, (2) 13802.6 365.3 707.5 R1 (1)
Ry (1) R (2) 048.5 390.9
Ry (1) 13786.1 337.1 12944.6 688.5 12032.6 372.9
Q (D 742.3 287.5 © 899.5 636.5 11983.2 326.5
q (2 726.6 887.2 621.0 969.5 315.3
q (3 865.0 606.2 953.7 298.0
Qo 4 709.9
Q (5
Py gZ) 589.8 236.17 848.8 579.7 928.8 276.7
Py (2) 666.8 202.4 830.0 549.3 903.8 250.2
Py (3 644.4 181.3 804.8 531.8 881.3 228.7
Py (3) 621.3 157.4 783.1 508.3 860.4 208.7
Py (4) 589.6 123.0 751.9 475.5 827.9 180.7
Py (4) 569.6 106.2 5-1 head 455.5 808.6 160.3
Py (5) 526.8 065.6 5-1 Rp (1) 415.9 770,1 122.9
Py (5) 507.6 13046.8 672.7 401.1 756.2 106.8
P, (6) 459.2 12996.9 5-1 Q(2) 352.8 709.1 062.6
Py (6) 242.6 985.5 5-1 Q(3) 338.5 694.1 11047.9
P, (1) 383.6 927.7 5-1 P1(2) 284.2 641..1 10995.7
Py (7) 4-0 Ry (2) 915.8 5-1 P, (3) 270.8 630.3 983.6
Py (8) 13302.2 9-4 P,(2) 465.4 208.7 . 569.8.... . 924.8 .
?1 (8) 4-0 Q(1) 5-1 P1(4) 199.8 557.0 914.0
P, (9) 214.8 378 130.8 493.1 848.9
Py (9 4-0 P1(2) 365.6 119.8 480.1 838.3
Py (10) 5-1 Po(7)  6-2 Ry(2) 767.1
Py (10) 5-1 P1(7)  6-2 Ro(1) v 756.7
Py (11) 13008.6 180.6 : 680.8
Py (11) 167.6
Py (12)




OBSERVED SPECTRA

TABLE 3-11 (continued)

Line 8 -4 3.0 9-5 4-1 5 -2
R head 10738.1 10357.7 10051.5 9849.5 9360.7
R1 (5) 351.3 head
Rz (5)

Ry (4) 340.6 9352.0
R, (4) ,

R (3) 831.1 337.1
Ry (3) 318.7

Ry (2) 309.6 3-0 Py(4) 812.8 324.9
Ry (2) R (1) 299.6 3-0 P1(4)  Ri(1) 310.2
Ry (1) 723.2 289.5 3-0 P1(4) 794.5 304.1
R, (1) 707.1 10023.3 775.4 286.0
Q (1) 663.7 209.6 9984,3 719.3  .236.2
Q (2) 651.2 973.2 711.7 228.5
Q (3) 634.3 99545 699.5 214.9-
Q 4 171.2 682.6 198.8
Q (S)

P, (2) 612.8 10149.5 937.6 662.9 181.9
Py (2) 592.6 124.8 916.0 639.6 158.4
P, (3) 572.4 103.3 893.4 617.4 137.4
Py (3) 550.1 081.9 873.8 597.1 117.4
P, (4) 522.3 051.5 4-1 head 568.6 090.1
P; (4) 503.5 10038.4 551.1 072.7
P, (5) 467.2 9997.2 515.8 037.5
Py (5) 450.8 9-5 Q(1)  4-1 Rp(1) 502.2  9022.8
P, (6) 407.3 9-5 Pp(2) - 9734.4 459.0  8980.7
Py (6) 393.2 9926.8 447.4 968.6
P, (7 3-0 R(4) 398.6 921.3
P; (1) 329.9 388.9 910.2
P, (8) 272.6

Py (8) 216.5

P, (9) 195.0 9269.6

Py (9) 110.5 9260.2

P, (10)

P; (10)

P, (11)

p; (11)

P, (12)

p; (12)

Identified lines in the P and R branches are unresolved lambda doublets.

Q branch lines are unresolved spin doublets.
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54 FREE RADICAL OH

ROTATIONAL AND SUB-ROTATIONAL SPECTRA

This class of spectra is characterized by radiative
transitions between numerous rotational levels and their
lambda and magnetic hyperfine components studied in the

lsboratory and in the extra-terrestrial sources.

Pure Rotational Spectrum

X 2ﬂ - X ﬂ (20.4 - 15 u): Pure rotational lines of the
(H molecule were first satisfactorily investigated by Madden
and Benedict (1955). Using oxyacetylene flame and an Fbert
grating - Goley cell scanning unit, they scanned the CH
rotational spectrum in emission in the wavelength region
15-20.4 yu.

‘ Plyle‘r‘ and Humphreys (1948) and Silveiman and Herman
(1949) had earlier used prism spectrometers to explore 