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I.  INTRODUCTION 

It has long been recognized that the ensemble of 

wavelengths emitted or absorbed by any substance is determined 

by the atoms or molecules it contains. The theory and 

practice of molecular spectra, their recording and interpretation, 

has been treated in numerous books, scientific articles and 

reports for scores of years. It is, however, believed that a 

short introduction into the field of spectroscopy, and 

particularly into the field of the Raman spectroscopy, of a 

tutorial nature, could be of some value to re&earchers who 

are outside the circle of spectroscopists and who would still 

like to take advantage of the latest developments in this 

particular field and the special fe&tures it possesses. 

In connection with the above, for the sake of clarity, it 

must be distinguished between the applications spectroscopists 

make of the spectra they obtain and the use intended in this 

work for those spectra. Again, in describing the use 

spectroscopists make of the spectra, this topic can only be 

dealt with in very broad terms. A detailed description is 

outside the scope of this work. It is clearly not the purpose 

or place to go here into details. In general, it can only be 

said that molecular spectra provide the physicist and chemist 

with one of the most important tools for investigating 

molecular structure. From the given spectra, the various 

energy levels of a given molecule can be determined. These, 

in turn, provide detailed information about the motion of the 

electrons, the vibrations and rotations of the nuclei in a 



molecule. The motions of the electrons provide information 

on the chemical valences. The vibrational frequencies provide 

information of the interatomic forces, and it is also possible 

to determine with great accuracy the iieats of dissociation. 

The rotational frequencies, on the other hand, provide 

extremely accurate values of the internuclear distances as 

will be shown in some examples later. This is only a very 

small indication of the knowledge one is able to obtain from 

the molecular spectra. One additional thing must be mentioned 

about the information obtainable from spectra. In recent 

years, a whole new field of astrophysics emerged. It is 

possible from the spectra to obtain not only information about 

the structure of distant planets, but also their composition 

and chemical changes going on in these planets, enlarging the 

knowledge of the universe enormously. 

The above phenomena of such great interest are not, however, 

the purpose of this work. In this work the concern is 

focussed on a very simple and possibly minor portion of work 

of the spectroscopists. To make it clear, it is not the 

purpose of this work to expand on the theory of spectroscopy, 

but rather to apply one portion of this field t- detection 

measuring and monitoring molecules without trying to determine 

from their spectra the construction, chemical properties or 

physical forces keeping them together. This is proposed with 

the use of the Raman effect. In this work, after a short 

introduction into the fundamentals of radiation and the 

essentials of infrared spectroscopy, it is proposed to present 



the fundamental properties of the Raman effect, without going 

into the complicated derivations of working equations. These 

will be presented in a rather simple form referring the 

interested reader to the proper references. The connection 

with the infrared spectra will be pointed out. A short 

discussion of Raman active and infrared active molecules and 

some specific examples of molecules will be given. It should 

be pointed out here that the application of these methods, 

besides the ability to resolve multi-particle mixtures, is 

capable of detecting air pollution from distances instantaneously, 

is capable of detecting chemical compounds which might be 

hidden from normal detection, and has a multitude of 

applications which could be of major importance for civilian 

as well as military use. 

II.  FUNDAMENTALS OF RADIATION 

Niels Bohr suggested that an atom or molecule cannot 

exist in states having any arbitrary energy, but only in 

certain discrete energy states called stationary states. 

These are selected according to certain rules from a continuous 

range of classically passible states . According to Bohr, 

electromagnetic radiation is not emitted while an electron is 

orbiting around the nucleus (as it should according to 

classical electrodynamics), but only when the electron is going 

from an energy level Ex to another energy level Es. The 

energy emitted is in the form of a photon of energy 

Ei-E2 = hv' = hvc (1) 

3 



This is Bohr's frequency condition. The wave number of the 

emitted or absorbed radiation becomes 

which becomes 

y, iL _ jk (2) 
^ he  he 

1 _ JL  ^   n, >no (3) v = RZ*( ^-^pr)  n, >n3 

where R=R'Aic = Irr^^/ch3  is the Rydberg constant, and ^ 

and n2 are the principal quantum numbers of the two energy 

states concerned.  It should be noted here that the spectrum 

thus obtained is the so-called line spectrum of atoms in 

contrast to band spectra of molecules. The essential poxnt 

of the Bohr theory, that is, the discrete stationary energy 

states, is retained in wave mechanics. While the Bohr theory 

starts out from classical laws of motion and by means of 

certain quantum conditions selects only some of the possible 

orbits, wave mechanics, by using the fundamental idea of 

De Broglie which states that the motion of any corpuscle of 

matter is associated with a wave motion of wavelength 

\=   JL. (4) 
mv 

becomes more comprehensive and agrees quantitatively Wxth 

experiments while the values calculated by Bohr's theory do 

not. The governing wave equation for the nonrelativistic case 

is, according to Schrodinger 

h2      i . ösf .  df? .  afl x+ v¥ 
8^ s^{av    ä?i? + §V 

where   T = ve 

h    3¥ 
I 

-Irriv't 

(5) 
_ 1  2TT  9t 



A solution for a single particle could be obtained by 
*■ * 

solving Schrodinge^s wave equation which, in terms of its 

amplitude of the wave motion, | is given bys 

|i* + |i| + |1J + Sjfm (E_v) I = 0 (6) 

and which, in case of multiple particles, becomes 

- 1 ,114 + |!4 + |i4 )+ älf.(E-V) | = 0 (7) 

The solutions of the above equations are treated in numerous 

references and are not going to be treated here. It is 

sufficient to point out that solutions for particular cases 

can be found in Refs. 1-4. 

For the purposes of this review, the particular solutions 

do not contribute enough to be discussed and complicate 

matters. The complete solution of the Schrödinger equation 

yields not only the eigenvalues, that is the energy values E 

of the stationary states, but also the corresponding 

eigenfunctions f • yexpl-lTri- t] where h=v'* Frequently, 

there are several different eigenfunctions associated with 

one and the same eigenvalue. In that case, we have a degenerate 

state.  The degeneracy is d-fold if there are d linearly 

independent eigenfunctions for a given eigenvalue. These d 

eigenfunctions are not uniquely determined by the wave 

equation, since any linear combination of the eigenfunctions 

belongs to the same eigenvalue. 

If the interaction with an electromagnetic field is 

introduced into the Schrödinger equation of an atomic system, 

it is found that a non-zero probability arises of finding the 

5 



system in a state E , if originally it was in a state E^ and 

if radiation of wave number v=[En-E ]/hc is present.  If 

E < E  radiation of this wave number is emitted, on the other 
n  ffl 

hand. E >E  radiation of this wave number is absorbed by the 
n  m 

atomic system. 

The intensity of a spectral line in emission l^J is 

defined (Ref. 5) as the energy emitted by the source per 

second. If there are N atoms in the initial state and if 

A  is the fraction of atoms in the initial state carrying 
nm 
out the transition to m per second, then 

lnm =  N hcvA., m (8) em   n  nm nm 

where A  is the Einstein transition probability of spontaneous 
nm 

emission which is related in the case of dipole radiation to 

the matrix element as follows: 

A  =^1*1 |Rnro(8 (9) nm   3n   '   • 

that the intensity becomes 
64TT*V

4
CN 

jron = n |Rnm|a ao) 
em      3    11 

where 

Rnm = f f *M*dT UD J n  m 

If the vector quantity Rnmf the matrix element of the electric 

dipole mranent,differs from zero for two states n and m, the 

two states combine with each other with a certain probability 

with emission or absorption of radiation. If it is zero, 

the transition under consideration is forbidden as a dipole 

transition. It does follow certain selection rules as, for 

example, the selection rule in the case of a one-electron 

6 



system,   Ll= ±1 . 

In the case of absorption,   the intensity is given by 

nm 
T v.    =  o   N B    Axhcy ■»■abs       yim m mn i nm (12) 

.nm If 1"'"= eo  is the intensity oi   the incident radiation, the 
o    nm 

last equation can be written as: 

jfl» m 1m^  B_ hv__4x 
abs m mn nm 

(13) 

where N is the number of ato»ns in the initial lower state 
m 

m and B is the Einstein transition probability of absorption, 
ffi 

n - on! iRnmi Bmn" 3h*c lK  I 
(14) 

this implies that 

thus. 

and 

S — A 
nm ßTThcv^«  nm nm 

abs  nm'   I 

I^-v ^IR1"11! em  nm ■   ' 

(15) 

(16) 

Absorption is thus proportional to the incident frequency, 

whereas emission is proportional to the 4th power of the 

incident frequency of illumination. 

It should be noted that Eqs. (9) and (14) are valid 

in the cast; of transitions between non-degenerate levels only. 

In case of transition between two degenerate levels of 

degeneracy d and d , those equations should be replaced by 3     ^  n     m 

the following: 

,     _ 64rr*v3TlR 
Änm" 

n.m, 
i kia 

3h 
(17) 

n 



B  a i^gi^ I (18) 

and Eq. (15) appropriately by 

R I -S. A (19) 
nm  m 

As indicated above, Eq. (2), the wave numbers are expressed 

in terms of the differences between energy states of the 

atom, which in turn is identified with the orbits of the 

electrons in the atom. These orbits are associcited with the 

quantum numbers n and I  and are responsible for the so-called 

line spectra. In addition to the line spectra due to emission 

of radiation by atoms, there is another type of spectrum 

due to radiation by molecules, the so-called band spectra, 

A band is characterized by a head, either on the violet or 

red side, the lines there being usually so close as to be 

indistinguishable and becoming more widely spaced and fainter 

towards the tail end. Heavy molecules have their bands more 

closely sptced than light molecules. It must also be noted 

here that a third kind of spectrum is observed, that is, a 

continuous spectrum. Two types of continuous spectra can 

be distinguished. The f- rst obtained from liquids and solids 

as a result of very close packing of the atoms and the 

interaction of the atoms and molecules with each other. This 

kind of continuous spectrum is more a result of the revolving 

power of the spectrographs and also, what is more important, 

the broadening of the spectral lines for the above-mentioned 

reasons. The second kind, the so-called "continuous term" 

spectrum is a result of dissociation (molecules) and/or 

8 



ionization (atoms). With the usual zero-point of the energy 

scale (n=co) # all stable discrete quantum states of an atom 

with one outer electron have negative energy values. A 

positive value of energy E corresponds to an electron which 

moves in a hyperbolic orbit about the nucleus. It, of course, 

goes only once through such an orbit. The energy can assume 

all positive values of E. Therefore, from the limit E=0 of 

a discrete energy spectrum of an atom, there is a continuous 

region of possible energy values, the so-called "continuous 

term spectrum". Figure 1 presents a simplified energy level 

diagram of hydrogen where the above is indicated. Included 

in the figure is a circular Bohr orbit diagram for hydrogen 

showing the Lyman, Balmer and Paschen series. 

III.  THE ESSENTIALS OF BAND SPECTROSCOPY 

As indicated above, the term "band spectrum" is used 

to designate a spectrum originating from emission or 

absorption of molecules. As such, it must be distinguished 

from a line spectrum which is the designation of a spectrum 

originating in the atom.  The optical radiant energy identified 

with molecular spectra is distributed over a very wide 

range of frequencies, extending from the ultraviolet to the 

microwave region. 

The essential difference between atomic and molecular 

spectra is that the atomic spectra are completely explained 

by the quantized changes in the energy associated with the 

outer electronic structure, whereas the molecular spectra 

9 



include not only this energy but also contributions of' energy 

resulting from the vibrations of the component aticp relative 

to each other and from rotation of the molecule as a .whole 

about an axis through the center of gravity. 

The total energy of the system may be represented by 

the sum of all the above-mentioned cpntributions,, 

E^ i.=E + E + E„ tot e   v   r 
(20) 

which, in terms of the wave number units (term Values),can 

be written as 

T = T + G + F e 
1  (21) ' 

-el in Eq, (20), E =E +V is the electronic energy of the 

state and represents the potential in the Schrödinger equation 

el 
under whose action the nuclei are moving. E  is the total. 

energy in the Schrödinger equation for a dase where the 

electrons are moving in the field of fixed nuclei and having 

a potential V . In the case of a diatomic molecule V, the 

Coulomb potential, as is well known, is given by 
i  ■ 

V   = 2l23e3 
n   r ; 

, (22) 

The development of the quantum-theoretical explanation 

of the features of molecular spectra is generally started 

with diatomic molecules. This introduces a relatively gteater 

degree of simplicity because one is dealing with a two-body 
i 

problem.  Furthermore, the full details of diatomic spectra 

10 
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are frequently completely observable, whereas the complexity 

of the spectra o4 polyatomic molecules is, in general, so. 

great that details are resolved only in relatively few     > 

instances, usually where symmetry'considerations permit 

simplification of the model'. Generally, the features of 

polyatomic i molecules' are explained by extending the concepts 

of diatomic molecules. i 

The simplest mod^l of a diatomic molecules is ^ho^ght 

of as a dumbbell structure, the two atoms rigidly joined by 
i i    , 

a line, with an axis of rotation perpendicular to the 1'ine 

joining the nuclei, at the center of mass of the two atoms, 
li ' i 

Pig. 2. The solution of the Schrödinger equation appropriate 

to the problem results in the following energy eigenvalues: 

_ haj(J-H)       hsJ(JTH) 
^rot" 8TTa|jr*        " ,.>    8n8I 

(23) 

E rot 
he =F(J)=BJ(J+1) 

(24) 

where B= 8TTaeI 
is called the rotational constant.     |a=the 

reduced inass= 
m-im; 

, mj+mg 
I=the moment of inertia and J=the 

rotational quantum nurtber related to the total angular 

momentum J of the electrons in an atom, by |J |=vJ(J+l) (^-JwJ ö"r; 

Thus, J gives approximately the angular momenturti in units of 

h  ' 
TT- . Each rotational energy state is characterized by one of 

these J  values, which can take on a series of integrals from 

0,1.2,.... rhe quantum mechanics leads to a' selection rule 

for transition between energy states 

AJ = ±1 

'11 

(25) 



These transitions account for the spectral lines whose wave 

number is given by 

v-F(J+l)-F(J)=2B(J+l) (26) 

leading to a series of equidistant lines, which are observed 

in the far infrared region. Fig. 3.  The actual frequency 

of rotation of the rigid rotator is given by 

vrot= C2B[J(J+1) f^R^BJ (27) 

Since, in actuality, the molecules are not strictly rigid, 

Eq. (24) for the rotational term values is generally modified 

to 

F(J)=BJ(J+l)-DJ2(J+l)i! (28) 

4B" where D= —j— is always very small and for the present 

applications, insignificant. The effect of this modification 

is shown in Fig. 4, where the rigid rotator lines are plotted 

as a reference.  It is evident that at low rotational quantum 

numbers, it is negligible. 

The same dumbbell model considnred as a harmonic oscillator 

would result in 

v  = ^; ( £ ^ (29) 
OSC i.~ \1 

where u is the reduced mass defined previously. Again, a 

solution of Schrödinger's equation results in the vibrational 

energy states, 

E(v)= hvosc(v+32) (30) 

where v is the Vibrational quantum number which takes on 

12 



integral values 0#1#2,... and again the selection rules for 

permitted energy transition are 

Av=±l (31) 

In terms of energy term values, Eq. (30) can be written 

G(v)= ^- = ^Sf^v+Js)^ iv+h) (32) 

Since emission and absorption of radiation takes place as 

a result of a transition from a higher to a lower state or 

from a lower to a higher state, the wave number of the emitted 

or absorbed radiation is given by 

^Eiv^.E^^^^j (33) 

Using Eqs. (32) and (33), one obtains 

v = G(v+l)-G(v) =uu (34) 

indicating that the quantum mechanically derived frequency 

is equal to the classical frequency for all transitions. 

As in the case of the rotational term values, the 

expression for the vibrational term values must be modified 

to correct for the assumption of a harmonic oscillator. In 

fact, the finer details of the spectra can only be accounted 

for if the molecule is considered as an anharmonic oscillator. 

For small anharmonicities, which is generally the case, the 

term values are given by 

G(v)=lJue(v+^)-uüex(v+Js)
a+uJeye(v+J5)3       (35) 

instead of by Eq. (32). 

The zero point energy is obtained from Eq. (35) by 

13 



setting v=0; thus 

G (o) -i^-V-^+y* ^ Ye  (36) 

If the energy levels are referred to this lowest level as 

zero,then using Eqs. (35) and (36): 

G (v)=a v-o) x va + a' y v3 (37) 
o    o  o o    o-'o 

where 

^ =a' -a' x + 3/4u,' y + ... 
o e e e     e-'e 

uu x =LU x -3/2a- y (38) 
o o e e    eJe 

u y =üL' y 
oJ o    eJ e 

In both Eqs. (35) and (36), uu » uu x and ^ x »uu y 
6     6 v=        6 6    6 6 

Neglecting cubic terms in Eq. (35), the separation of 

successive absorption bands is given by 

^3^=0 (v+1) -G (v) =tJüe-2u)exe-2a)exev     (39) 

The frequency a1 is thus from the first band (1-0) 

v(l-0)=6Gj5=V2Ve=VuJoxo (40) 

One important feature must be pointed out. Whereas the 

selection rule for the non-rigid rotator remained the same as 

for the rigid rotator, &J= ±1, the selection rule for the 

anharmonic oscillator is changed.  Av can now assume, besides 

the values of ±1, which give the most intense transitions, 

also values of ±2,±3 even so with rapidly decreasing intensity. 

The combined effect of these modifications results in 

the term values for the vibrating rotator, 

T=G(v)+F(J)=a (v+JsJ-u. x {v+h)s+   ... (41) 

+B J(J+l)-DvJMJ+l)s+ ... 

14 



where B =B -c {v+%)+  ...  with ~ « B since the change in v e e e   e 

internuclear distance during the vibration is small compared 

to the internuclear distance itself, and D =D +B (v+is) + ... 

with 3 « D on the same grounds as n»    In this context, 

B T and D signify the rotational constants for the vibrating 

rotator, the subscript v to be distinguished from the 

vibrational quantum numbers v.  If a particular vibrational 

transition from Vi  to vs is considered, then according to 

Eq. (41), neglecting the rotational constant D , the wave 

numbers become 

v=v +B'   J'(J'+1)-B^ J"(J,/+1) (42) 

where v =G(v/)-G(V") is the wave number of the pure vibrational 

transition neglecting rotation (J^J'^O).  If, in Eq. (42) 

äJ=1 and AJ=-1, and the interaction between rotation and 

vibration is neglected, then B '=B "=B and Eq. (42) result 

in 

v =v + 2B + 2BJ   J=0,1,... (43) 
K  O 

vp=vo-2BJ J=l,2,... (44) 

These last two equations represent two series of lines called 

the R and P branches, respectively.  In the above, the effect 

of the electrons surrounding the nuclei on the angular 

momentum has been neglected.  If the angular momentum of the 

electrons about the internuclear axis is designated by 

A = X y-  , where \  is the quantum number of this angular 

momentum, then for \=0,  we get tJ=±l  as in (43) and (44). 

If, however, X/0, then £J=0,±1 and for &J=0, we obtain 
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v =v + F'(J) - F"{J) (45) e o 

called the Q-branch. 

As indicated previously, (Eq. (21)), the total energy 

of a system of molecules in terms of its term values consists 

of the term values of Eq. (41) and a term T representing 

the electronic transition. Thus, 

v= (T' -T* ) + (G'-G") + (F'-F") (46) 

is the wave number of the given system. 

Using Eq. (35) and neglecting the rotational term 

values, the wave number becomes, according to (45), 

v=v +0)' {v'+H)-®*   x '(v/+^)2+u)» y '(v'+ää)3^... 
6   w 6   6 t-   c 

-[ID" (v+Jg)-!!/' x"  (v'/+'s)a+u/' y" (v"+J5)3+... ] (47) 

The last equation represents all possible transitions between 

the r fferent vibrational levels of two participating electronic 

states. There is no strict selection rule for the vibrational 

quantum number v for electronic transitions. Thus, in 

principle,  each vibrational state of an upper electronic 

state can combine with each vibrational state of a lower 

electronic state, resulting in a large number of lines (hence, 

band spectra). 

In an analogous way, the principles of the Raman spectra 

and their relation to the infrared spectra is presented in 

the following section. 

16 



IV.  THE RAMAN EFFECT 

The Raman Effect is the phenomenon of light scattering 

from a material medium, whereby the light undergoes a 

wavelength change and the scattering molecules an energy 

change in the scattering process. The Raman scattered light 

has no phase relationship with the incident radiation.  The 

phenomenon was predicted in 1923 by Smekal and experimentally 

observed in 1928 by Raman and Krishnan, in liquids and 

solids, and by Landsberg and Mandelstam in crystals. The 

Raman shifts correspond to energy differences between discrete 

stationary states of the scattering system.  Classically, 

the Raman effect can be described as the modulation of the 

scattered light by the internal motions of the scattering 

molecules. In this kind of analogy, the Raman lines would 

correspond to the side bands, and the Rayleigh light to the 

carrier frequency. This, of course, would result in the 

Stokes lines having the same intensity, which is not the case. 

Quantum theoretically, the incident photons collide elastically 

or inelastically with the molecules to give Rayleigh and Raman 

lines, respectively, with the inelastic process much less 

probable than the elastic. When an inelastic collision occurs 

with the incident photon furnishing energy to the molecule 

raising it to a higher energy level, the scattered photon 

being of lower energy, gives rise to the Stokes line.  If 

the scattering molecule gives up energy to the impinging 

photon and moves to a lower energy state, the scattered photon 

gives rise to the anti-Stokes line. Since the anti-Stokes 
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line must originate in molecules of higher energy level, which 

are less abundant at normal temperatures, the anti-Lcokes 

lines would be expected to be much weaker than the Stokes 

lines. The process of light scattering can thus be visualized, 

as the absorption of an incident photon of energy E by a 

molecule of a given initial state,raising the molecule to a 

"virtual" state, from which it immediately returns to a final 

stationary state emitting a photon of the difference energy 

between the two states and incident energy E. The process 

is illustrated in Fig. 5.  A quantum theoretical derivation 

of the intensity of the scattered radiation utilizing the 

perturbation theory of wave mechanics and also utilizing the 

polarizability theory of Placzek is given in Refs. 5,6,7 and 

12. In this short review following the outline of Section III, 

the Raman lines of a rigid rotator, harmonic oscillator and 

vibrating rotator will be presented. 

The rotational Raman spectrum is governed by a selection 

rule which is different than the selection rule for the 

infrared spectrum as expressed in Eq, (25); namely, 

&J=0 ± 2 (48) 

When molecules with different J values are present, the 

rotational Raman spectrum consists of a number of lines,  AJ=0 

corresponds to the undisplaced line.  The transition J-.J+2 

results in a shift to longer wavelength (Stokes lines) and 

the transition J+2-J results in a shift to shorter wavelength 

(anti-Stokes lines). Using Eq. (24), the magnitude of the 

frequency shift can be found, 
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Av=F(J+2)-F(J) 
(49) 

=B (J+2) {J-t 3) -BJ (J+l) =4B (J+3/2) 

Eq. (49) represents a series of equidistant Raman lines on 

either side of the undisplaced line. These small Raman 

displacements can, therefore, be identified as the rotational 

Raman spectrum. Fig. 6. 

From the matrix elements of the polarizability, it is 

found that in the case of a harmonic oscillator, the same 

selection rule holds for the Raman as for the infrared spectrum, 

Av=±l (50) 

Thus, a transition can take place only to the adjacent 

vibrational state. The frequency shift using Eq. (32) 

becomes 

^V = G(V+1)-G(V)=Uü (51) 

this shift occurring to either side of the illuminating 

radiation frequency• As mentioned previously, at ordinary 

temperatures most of the molecules are in the lowest energy 

scate (v=0) and only a very small fraction of the molecules 

is in the higher state (v=l). As a result, the intensity of 

the Stokes-Raman lines which correspond to a transition 0-1 

is much greater than the intensity of the anti-Stokes lines 

which correspond to a transition 1-0 , 

A compari&on of Eqs. (34) and (51) revelas a very 

important relationship between the infrared and Raman spectra. 

It is seen that the infrared vibrational frequencies agree 

exactly with the Raman frequency shifts. This can be seen 
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in Table I, where a number of infrared frequencies and Raman 

displacements have been tabulated for several molecules for 

which both spectra have been observed. The Raman spectra 

can, therefore, be regarded as an infrared spectrum shifted 

into the visible or ultraviolet region. 

The selection rules for the Raman spectrum of the 

anharmonic oscillator are the same as those for the anharmonic 

oscillator of the infrared spectrum. Therefore, the Raman 

shifts can be represented by the same equations as the 

frequency of the anharmonic oscillator, Eq. (40). 

As in the case of the infrared spectrum, the Raman spectrum 

of the vibrating rotator, governed by the vibrational 

selection rules, Lv= ±1 and rotational selections rules, 

iJ=0,-b2, consists of three branches, the S-branch, Q-branch, 

and O-branch. Their equations can be obtained from 

Av=Avo+B^ J'(J'+1)-B^ J"(J"+1) (52) 

analogous to Eq. (42) for the infrared spectrum, by 

substituting J^J'^ (S-branch), J'=j"-2 (O-branch) and 

j'=j" (Q-branch) and using J'=J. 

Uv)s=Avo+6Bv: +(5BJ -BJ )J+(B^ -B^ )Je J=0,1,...  (53) 

Uv)0=Avo+2B^ -OB^ +B^ )J+(B^ -B^ )J
S J=2,3....  (54) 

(Av)Q=^vo+(Bv
/ -B^' )J+(B^ -B^' )JS J=0.1,...  (55) 

For the 0-1 vibrational transition, the difference between 

B ' and B" is very small. The lines of the Q-branch are, 
v      v      -^ 

therefore, very close to each other and are usually not 

resolved, giving rise to an intense line. The S- and O-branches 
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are much weaker since their lines are rot superimposed. The 

above are similar to the R and P branches of the infrared 

spectrum.  In most cases considered in the measurements of 

Ref. 7, the observed Raman lines of large displacements 

represented the unresolved Q-branches of the Raman rotation- 

vibration bands. 

As mentioned previously, the Raman displacements of 

some molecules can be regarded as the infrared vibrational 

spectrum shifted into the visible or ultraviolet region. 

This should not be regarded as a general law governing the 

relation between the Raman spectrum and infrared spectrum, 

or vice-versa.  It should be noted that not all Raman active 

molecules are infrared active, and not all infrared active 

molecules are Reunan active. The infrared and Raman activity 

are dependent on the structure and symmetry of the given 

molecule. Since in unsymmetrical molecules every normal 

vibration is associated with a change of the dipole moment, 

all normal vibrations of such molecules are infrared active. 

Symmetrical molecules, on the other hand, may have vibrations 

during which a change of ths  dipole moment is zero, and 

therefore, those molecules are infrared inactive. As an 

example, the symmetrical molecule CO« is infrared inactive 

for the vibration v1 and active for v2 and V3. On the other 

hand, the nonlinear symmetric molecule H^O has all three 

normal vibrations associated with a change of the dipole 

moment and is infrared active. 

In the case of Raman spectra, the amplitude of the dipole 
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moment induced by the incident radiation must change during 

the vibration considered. According to the polarizability 

theory, Ref. 12, the amplitude of the induced dipole moment 

is given by ,    ■ ■       ' 

IPi= ct|E | (56) . 

where a is the polarizability and E the electric vectpr of 

the incident radiation of frequency v.  In an unsymmetric 

molecule, during all normal vibrations, a periodic change of 

the polarizability takes place. The induced dipole moment 

changes and the molecules are, therefore, Raman active. 

For symmetrical molecules this is not always the case, 

although it is possible for a linear symmetrical molecule 

to be infrared inactive and Raman active. The linear symmetric 

molecule C02 is infrared inactive in its first normal 

vibration v, but Raman active. The same molecule is infrared 

active for v2 and va and Raman inactive for these vibrations. 

It should be noted here that all homonuclear diatomic; molecules 

like Oj,  H9, N_,... are infrared inactive while they are all 

Raman active. This is a result of the fact that the dipole 

moment and its change are zero for homonuclear diatomic ' 

molecules, whereat, the polarizability, its change, and the 

resulting amplitude change in the induceid dipole moment do 

not vanish. This description of the Raman ar^d infrared activity 

of the molecules is of a very elementary nature. For a 
i 

detailed treatment of the subject, Refs. 5 and 13 should be 

consulted. 

22 



V.  LINE INTENSITIES OF INFRARED AND RAMAN SPECTRA 
ii ,       ■ , 

i 

In' the foregoing, some fundamental relations of molecular 

infrared and Raman spectra as well as the relations between 

those spectra, i the selection rules, for rotational and 

vibrational lines of both have been discussed. One of the 

fundamental measurable quantities is the intensity of the 

given line both; in the infrared and Raman spectra. As 

indicated in Section II, Eqs.(lo) and(l6)and Ref. 7, the 

intensity of a spectral line depends not only on the frequency 

and transition probability but also on the number of molecules 

in.a given state. For ^ theoretical determination iof the 

intensity of a given line,' it is necessary to know tlhe 
,. • i  ' 

distribution of the molecules in the various initial states 
i '    •' • 

and the transition probabilities (Refi 7). Since most 

infrared and Raman spectra are observed under conditions of 

thermal equilibrium, the distribution of the molecules over 

the different quantum states in thermal equilibrium need be 

cohsidered. According to the Maxwell-Boltzmann distribution, 

the number of molecules in each of the vibrational states is 

proportipnal to    G (v)hc    G (v) 
E    o o       '   ; 

,m   ~  vm      -  6952T (57v ,kT N ~e    =e kT =e 

where, the zero point energy level (Eq. 36) has been left out. 

To add this to the exponent would mean only adding a constant 

factor to all the vibrational levels including tihe zerc level. 

Thus, the exponential gives the relative numbers of molecules 

in the different vibrational levels, referred to the number 
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of irol.ecules in the lowest vibrational level.  In order to 

obtain the number of molecules in a particular energy level 

referred to the total number of molecules N,the state sum 

or partition function 

G {l)hc        G (2)hc 
Qv=l+exp[—2^ ]+ exp[- -^  ]+ ....   (58) 

must be utilized. 

The number of molecules ir. the state v is, therefore, 

N = ^- exp[-G   {v)hcAT] (59) 
v 

Evaluation of Eqn. (59) can be most tedious.  Since successive 

terms in Eqn. (59) decrease very rapidly and in most cases 

the exponential terms in Eqn. (58) are small compared to 

unity Eqn. (59) can be written as: 

N =Nexp[-G (v)hcAT] (60) 

In the case of the thermal distribution of the rotational 

levels, the problem is somewhat more complicated.  It is not 

given by the Boltzr'ann factor exp(-E/kT) above. According 

to the quantum theory each state of an atomic system with a 

total angular momentum J consists of (2J+1) levels which 

coincide in the absense of an external field. The state has 

a (2J+1) fold degeneracy.  The frequency of its occurrence 

is (2J+1) times that of the state J=0,  The number of molecules 

NT in the rotational level J of the lowest vibrational state u 

at a temperature T is proportional to: 

N_ (2j+l)exp[-r (J)hcATl=(2J+l)exp[-BJ(J+l)hcAT](61) 
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The behavior of this function for a fixed B IK shown in 

Figure 7 .    It is seen that the nuitiber of molecules does 

not decrease with the increase of the rotations 1 quantum 

number J but goes through a maximum. This maximum is 

Proceeding in an analogous way, as in the vibrational state, 

the number of molecules in the rotational state J is 

N = — (2j+l)exp[-BJ(J+l)hcAT] (63) 
J % 

where 

(^ =i+3exp[^|p3+5exp [^^3+.... (64) 

which can be replaced by 
_ hcBJ(J+l) 

(2J+l)e kT        dj= Ä (65) VI 
so that Eqn.   (63) becomes 

N^ N Of (2JH-l)exp[- BJ^hc   ] (66) 

For the higlvc-r vibrational levels 

N ~(2J+l)exp[-(G(v)+F(J))hcAT] (67) 
Ü 

with the factor exp[-G(v)hc/kT3 separated, only the rotational 

levels remain, which are considerably smaller than the lowest 

vibrational level. The individual line intensities in a 

rotation-vibration band are proportional to Nj as given by 

Eqn. (63) as a function of J. Using Eqns,(10,12,16,19)and 

63, the intensities of the lines of the rotation-vibration 

bands with d =2J'+1 and d =2J"+1 is n ro 
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em    3y    vt' ^^ 

2C 
] 

■r 

^bs' -t lT lR ' K|S)exp[=^^^]      (69) 
3hc    ik r 

2Cabsv e    r-B^J^J^+Dhc. 
= -Q^- Sjexpl ^ j 

It must be noted that the J value of the initial state must 

be used in the exponential term, that is, the value of the 

higher state J ' for emission and the value of the lower state 

J" for absorption as in (68) and (69) respectively.  The 
n.m, 

line strenth ST is that part of 2l
R    I3 that depends on J. 

A constant factor corresponding to the magnitude of the dipole 

moment or its change is included in C  and C, »respectively. 

In the case of a rotation (A=0) an evaluation of the matrix 

"A elements R    results (Ref. 5) in: 

for &J = +1 S =J+1 

for W = -1 S^J <70' 

Eq. (68) holds for the Raman spectra. According to Placzek 

the line strength factors ST are for A=0 

fr,*- AT - +2 c; - 3(J+l)(J+2) for iJ - +2 Sj-  ^(2^3) 

V ¥£# (71, 

for aa = o       s »a <2J+i,+ f^iHf^ü J -0^"TJ-'^ (2J-1) (2J+3) 

where a is e constant, 
o 

Eqs. (68) and (71) define the intensity of a Raman line 
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in the case where the vibrational contribution has been 

separated, with the last expression in Eq. (71) corresponding 

to a Q-branch line. The intensity of an individual Q-branch 

line including the vibrational contribution is given 

(Ref. 10) by 

64n4(v -v)4.c . 

x[NEo
?d.(2J+l)exp[-J(J+l) ^3 8^TJX   (72) 

XLa + 45 Y   (2J-1)(2J+3) 

for vertically polarized incident radiation and transverse 

observation. In most applications of interest in the context 

of this work, the intensity of the Q-branch of the vibration- 

rotation part of the spectra is observed.  In order to obtain 

an expression for the intensity of the Q-branch, Eq. (72) 

must be summed over all V-.   and J values. The summation over 

V, of the vibrational contribution (Vk+l)exp[- ^pj^O 

converges to Qv
a and the summation over J of the expression 

i-E d.(2J+l)e!tn[-
J-iir±li!a£]x 

where 

y-   _Lv  rt    f2T+nMr,r      JCJ+DhBc-, J(j+1) (72a) X~ Q;E dj(2J+l)expL- -*--££       J   (2j_i)(2J+3) U2a, 

Eq,   (72)   thus becomes: 

64TTMV-V)
4

        h 

JenT  3^     S^J QvNV (a'3+ 4T XY/3
> ^ 
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Substituting the expressions for E  and Q and combining terms, 

Eq. (73) can be written in the more familiar form (Ref. 11) 

27TT5 
135    ,  i' ' o 

where k=(v -v) '(I-G o 

-hcv- 
kT 

b3=h/8T2cv 

(74) 

(75) 

and d. is a degree of degeneracy.  Equations (73) and (74) are 

both valid for observation at a unit distance.  In case of 

remote observation of the scattered radiation, the factor 

1/R must be included; thus, Eq. (74) becomes: 

45a's+7XY'sI 
1= T-rf- k.Nb.ad.(- '-) (76) 135     ~j""j    -j* R3 

Generally, the Raman intensity can be expressed (Ref. 7) 

for both Stokes and Anti-Stokes lines as 

ISjA=C(v0±v)
4N ~ Io(45^'

s+7XY'8)Q    (77) 

The ratio of the Stokes to Anti-Stokes intensity utilizing 

the Botlzmann distribution to determine the number of molecules 

in each vibrational state, is given by: 

(78) 
I     v *   expu ^.j,, J 
A     o kT 

The Raman Stokes to Rayleigh intensity for vertically 

polarized incident radiation is given by: 

I*     (v -v)4 

R 

o   " h       (45a/s+7XY/s) 
8TT8UV  (45aa+7XY'0) (79) 
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From Eqs. (75) and (76) the dependence of the Raman intensity 

on the ambient temperature can be obtained. An inspection 

of Eq. (75) indicates that this dependence is relatively 

weak at low temperatures.  Figure 8 presents a family of 

curves with the Raman shift as a parameter, indicating the 

dependence of the Raman intensity on the temperature.  It 

is clearly evident from these figures that the temperature 

and the Raman frequency shift have a pronounced effect on 

the Raman intensity. An increase in either increases the Raman 

intensity. Thus the effective Raman scattering cross-section 

is increased with the increase in temperature and molecules 

whose Raman frequency shift is larger have essentially a higher 

scattering cross-section. At low temperatures, however, the 

depandence of the scattering intensity on the temperature is 

very weak (Fig. 8a). It is quite evident, therefore, that 

the weak dependence on the temperature, at room or near room 

temperature, makes this effect a very useful tool in gas 

dynamic diagonstics as well as measurements of atmospheric 

pollutants. Equation  (78) provides a means of measuring the 

vibrational temperature of a given gas, as well as the 

temperature of gases of different temperatures. 

In Fig. 9 a plot of the ratio of Stokes to Anti-Stokes 

intensities as a function of temperature for several molecules 

of interest is shown.  It is evident that by measuring the 

ratio of the scattered intensity of each specie, the individual 

temperatures can be determined. This was shown experimentally 

in Ref. 7, where the temperature of Oj was determined using 

this method, __ 



VI.  SOME APPLICATIONS 

As indicated previously, the infrared and Raman spectra 

contain a vast source of information relating to the atomic, 

molecular and electronic structure of matter, from which 

various properties of individual molecules, their physical 

and chemical properties can be obtained, predicted or 

understood.  Some of the fundamental properties of molecules, 

as for example, the internuclear distance and force constant 

are obtainable from the observed infrared spectra.  In the 

following, several examples are given on the application of 

the spectra in their most fundamental relations. 

From a given spectrum of CN, the line separation was 

observed to be 3.7992 cm" .  If this were a rotational 

spectrum, then according to Eq. (26) 

v=2B(J+l) 

-» 
this  value  3.7992  cm      must be  equal  to  2B.     Thus B=1.8996  cm     . 

,—40 
Since B=h/8rrclf   the moment of  inertia  1=14.7 x 10 gm cma 

Since 1=—-^- r;, = ur2, the internuclear distance r becomes 
m +m 

-34 _8 

with u=10.8 x 10  gm, r-1.17 x 10 cm.  The frequency of 

rotation in the quantum states J=l,2,3 is, according to 

Eq. (27). 1.14 x lO11, 2.28 x ID11, 3.42 x 1011 c/sec, 

respectively, and the periods of rotation 8.78 x 10~ s sec, 

4.39 x lO-1 ' and 2.93 x 10~ sec. 

In the near infrared,CN has an intense line at 2042.4 cm~ . 

If this represents the vibrational line, then according to 

Eq. (34), 1=2042.4.  Therefore, v  = *.c=6.11.1013 c/sec. 
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The period of vibration is therefore, 1.64 x lO"14 sec. 

Using Eq. (29) one finds k=l.59 x lo5 dynes/cm.  In Table II 

the results of similar calculations as above have been 

compiled for several mclecules, and those results compared 

with data available from calculations utilizing more 

sophisticated theories. As can be seen, the differences are 

within reasonable error. The application of the first order 

theory to obtain order of magnitude molecular data can thus 

be justified. 
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VII.  CONCLUSIONS 

The fundamentals of radiation, band spectroscopy and 

the Raman effect have been presented.  In addition,the 

expressions for the line intensities of both the infrared 

and Raman spectra are given. The section on applications, 

while incomplete and of very fundamental nature, provides 

the reader unfamiliar with spectrscopy a glimpse into the 

data obtainable utilizing this branch of science.  It must 

be emphasized that with the advent of very powerful coherent 

monochromatic radiation sources, spectroscopy and in 

particular, Raman spectroscopy has great potentials for 

remote identification, measurement, three dimensional 

mapping and uncovering of species in mixtures, inaccessible 

before . 
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TABLE I 

Gas Raman Displacement Infrared Frequency 

o ; 

HC-t 

NO 

to 

N 0 
2 

H20 

2886.0 

1877. 

2145. 

' 1285 
2223^5 

3651.7 

2885 .9 

1Ö75 .9 

2143 2 

1285 
2223 5 

3651.7 
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Page 7,   Eq.   (17):     v3     should read    v3
m 

"     12,   Eq.   (27):    C  should be replaced with c 

"     13,   Eq.   (35)   should read:     G{v)=Ve{v+ii)-Wfx{v+k):i+Veye{v+H)3 + . 

"     16,   Eq.   (47):     -\.u)" {v+h) 1     should read    -Cw" (v'+ij)       ] 

"     19,   Eqs.   (49)   and   (51):     Av    should read     |Av| 

"     24,   Eq.   (61):     NT   (2J+1)      should  read    N_-(2J+1) 

I  ST^vN I  ST^vN 
"     26'   ^   <69)!    Iabs=i^—    should read    Iabs= "f^- 

r r 

7TI6 (45a/a+7XY/3) 
"     28,   Eq.   (76)   should read:     I=rpr=-kNb.d     ~r*  I 
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