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Rotational Spectroscopy

The Intensities of Spectral Lines

We want now to consider briefly the relative intensities of the spectral line of the Equation
B=h?/8n’Ic; for this a prime requirement is plainly a knowledge of the relative probabilities of
transition between the various energy levels. Does, for instance, a molecule have more or less
chance of making the transition J=0—J=1 than the transition J=1—J=2? But we already know
that a change of AJ=+2,£3, etc, is forbidden —in other words, the transitions probabilityffor all
these changes is zero. Precisely similar calculations show that the probability of all chan With
AJ=t1 is almost the same—all, to a good approximation, are equally likely to oc€ur. ® ‘y

This does not mean, however, that all spectral lines will be equally intef;%vA ough the
[

intrinsic probability that a single molecule moving from J=1 to J; g,!n an” assemblage of
molecules, such as in a normal gas sample, there will be different num of molecules in each
level to begin with, and therefore different total numbers of molecutes will carry out transitions

between the various levels. In fact, since the intrinsic probabilities are identical, the line
intensities will be directly proportional to the initial numbers o cules in each level.

The first factor governing the population of levels is t gann distribution. Here we know
that the rotational energy in the lowest level is zero, e J=0; so if we have Ny molecules in this
state, the number in any higher state are giveny: A

Ny/No=exp(-Ey/kT)=exp-[-BhcJ(J+1)/kT] ... Ws.... / ............................... (13)

Where, we must remember, ¢ is thg \% of light in cm s when B is in cm™.

A very simple calculation shov&w j yaries with J; for example, taking a typical value of B
=2cm™ , and room temperature W=3 00K), the relative population in the j=1 state is :

2x6.63x10*x3x10'"x 1x2

Ny/No=exp - =
1.38x10°x300

@
J‘e;§¢-0.019)z0.98

arﬁ sge there are almost as many molecules in the J=1 state, at equilibrium, as in the J=0. In a
similar way the two graph of Figure 6 have been calculated, showing the more rapid decrease of

Nj/Nj with increasing J and with larger B.]
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Figure 6: The Boltzmann populations of the rotational ¢n evels of 4. The diagram has
been drawn taking values B=5 and 10 cm™ and T=3 q.13.
A second factor is also required — thefpoSsibi of degeneracy in the energy states.
Degeneracy is the existence of two or mo er ate which have exactly the same energy. In
the case of diatomic rotator we may approach roblem in terms of its angular momentum.

-

inertia, o the rotational frequency (in radians per second), and P is the

Where 1 is the

angular momentu arrangement of these gives:
& ®  p=VIEl
. . _w J(7+1) Joules
The gy level expression of Eq.(5) , Can be rewritten: Er = el
h? Where J=0,1,2..........
5 — R
2EI=I(J+1) i
2
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and hence

="J(J+1) ljr— = ‘J(J+1) units
A
Where, following conversion, we take h/2r as the fundamental unit of angular momentum. Thus

we see that P, like E, is quantized

Throughout the above derivation P has been printed in bold face type to show \’15 a
vector— i.e it has direction as well as magnitude. The direction of the angular m Vector
is conventional taken to be along the axis about which rotation occurs and it W drawn as
an arrow of length proportional to the magnitude of the momentum. er ‘of different
directions which an angular momentum vector may take up is limited ntum mechanical

law which may be stated

For integral values of the rotational quantum number (in thi )g) the angular momentum
vector may only take up directions such that its compone a given reference direction is
zero or an integral multiple of angular momentum uni

We can see the implication of this most e ans of a diagram. In Figure 7 we show the

case J= Here T — VY 1x2 units=\/2 and, as Figure 7 (a) shows, a vector of length V2(=1.41)
can have only three 1ntegral Or Ze¥o COL o ents along a reference direction (here assumed to be

from top to bottom in the planeW er): +1,0, and -1. Thus the angular

Reference
direction

®)
'}

@

(a)
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Rotational Spectroscopy

Figure 7: The three degenerate orientations of the rotational angular momentum vector for
a molecule with J=1

()

()

Figure 8: The five and seven degenerate gotational orientations for a molecule with J=2 and
J=3, respectively.

Momentum vector in this instance,canybe Oriented in only three different direction Figure 7 (b) to

(d) with respect to the referencediréetion. All three rotational directions are, of course,
associated with the same angul ntum and hence the same rotational energy: the J=1 level

is thus threefold degenerate.
Figure 8 (a) and (b) Q situation for J=2(P=\6) and J=3(P2=2V3) with fivefold and
sevenfold dege e
(2J+1) fold degenerate

ctively. In general it may readily be seen that each energy level is

Thus we sgé that, although the molecule population in each level decreases exponentially (Eq.13
: c degenerate levels available increases rapidly with J. The total relative population
oy Ej will plainly be:

4 Dr.Sandip Kumar Rajak|Dumbkal College



Sem-05/cc-12

- O B=5cm?!

rd
)-8 » ©® B=10cm

(2J+1)exp[-BI(J+1)hc/KT]

i \\ w”
/ % \ |
' \ 3
2T ’ \\ R
I \). \\
I \ \
] \ Yo
i [ N
\
e
“a
\"to
{} i L i A A A i 1 ' .“‘.“-ﬁ

Rotational quantum number J

Figure 9: The relative popula@liding degeneracy of the rotational energy levels of a

diatomic molecule. Q

When this is plott a@v the points fall on a curve of the type shown in Figure 9, indicating
that the populatign maximum and then diminishes. Differentiation of Eq. (15) shows that
the population is maximum at the nearest integral J value to :

Maximun@ukltion:
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We have %tﬁa‘[ line intensities are directly proportional to the populations of the rotational
e’it is plain that transitions between levels with very low or very high J values will

intensities while the intensity will be a maximum at or near the J value by Eq.(16)
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