Semester VI
Paper M 601 Spectroscopy

Unit 6.1 Introduction to Spectroscopy (Marks 10)

The nature of electromagnetic radiation. The regions of spectrum. Mechanism of
mteraction of electromagnetic radiation with matter. Absorption and emission
spectroscopy. Basic elements of practical spectroscopy. Representation of spectrum — the
width of spectral line. Intensity of spectral lines. Selection rules for various transitions.
The Beer-Lambert law, molar absorption coefficient and absorbance. Molecular motion
and energy — degree of freedom. Moment of inertia.



Nature of Electromagnetic Radiation — Wave Nature

**Electromagnetic (EM) radiation is a form of energy propagated through free space or through
a material medium in the form of electromagnetic waves.

**EM radiation is so-named because it has electric and magnetic fields that simultaneously
oscillate in planes mutually perpendicular to each other and to the direction of propagation

through space.

**Electromagnetic radiation has the dual nature: its exhibits wave properties and particulate
(photon) properties.

**Wave nature of radiation: Radiation can be thought of as a traveling transverse wave.
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Nature of Electromagnetic Radiation

**As a transverse wave, EM radiation can be polarized. Polarization is the distribution of the
electric field in the plane normal to propagation direction.

polansed wave

**Waves are characterized by frequency, wavelength, speed and phase.

**Frequency is defined as the number of waves (cycles) per second that pass a given point in
space (symbolized by v).

**Wavelength is the distance between two consecutive peaks or troughs in a wave (symbolized
by the A).



Nature of Electromagnetic Radiation

Wavelength

+*Relation between A and v : A Xv =c

*»Since all types of electromagnetic radiation travel at the speed of light, short wavelength
radiation must have a high frequency.

**Unlike speed of light and wavelength, which change as electromagnetic energy is propagated
through media of different densities, frequency remains constant and is therefore a more
fundamental property.

**Wavenumber is defined as a count of the number of wave crests (or troughs) in a given
unit of length (symbolized by V):

v=v /c=1/A



Nature of Electromagnetic Radiation
> UNITS:
Wavelength units: length
Angstrom (A) : 1 A = 1x101% m;
Nanometer (nm): 1 nm=1x10° m;
Micrometer (um): 1 um = 1x10°® m;

Wavenumber units: inverse of length (often in cm-1)

**Frequency units: unit cycles per second 1/s (or s) is called hertz (abbreviated Hz)



Properties of Electromagnetic Radiation

1. The oscillating charged particles produce oscillating electric and magnetic fields which are
perpendicular to each other and both are perpendicular to the direction of propagation of
the wave.

2. Electromagnetic waves do not require a medium i.e., they can travel in a vacuum too.

3. There are many kinds of electromagnetic radiation, differing from one another in terms of
wavelength or frequency. This electromagnetic radiation as a whole constitutes the
electromagnetic spectrum. For example radio frequency region, microwave region, infrared
region, ultraviolet region, visible region etc.

4. The electromagnetic radiation is characterized based on various properties like frequency,
wavelength, time period etc.



Nature of Electromagnetic Radiation — Particle Nature

**Radiation can be also described in terms of particles of energy, called photons

**The energy of a photon is given as

£ =hv =hc/A=hcV

photon

v'where h is Plank’s constant (h = 6.6256x103* J s)

v'Photon has energy but it has no mass and no
charge.

v'Relates energy of each photon of the radiation to
the electromagnetic wave characteristics.



Spectrum of Electromagnetic Radiation

**The electromagnetic spectrum is the distribution of electromagnetic radiation according to
energy or, equivalently, according to the wavelength or frequency.

THE ELECTROMAGNETIC SPECTRUM
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Spectrum of Electromagnetic Radiation
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Spectrum of Electromagnetic Radiation

Electromagnetic Spectrum

Type of Radiation Frequency Range (Hz) Wavelength Range Type of Transition
ganmima-rays 107107 <1 pm nuclear

X-rays ok e | nmm-1 pm mner electron

ultraviolet 101017 400 nm-1 nm outer electron

visible 4-7 5x10%% 750 nm-400 nm outer electron

near-infrared 1x10*-ax101* 2.5 pm-750 nm outer electron molecular vibrations
mfrared e [ 25 pm-2.5 pm molecular vibrations

microwaves ax10tt10t I mm-25 pun molecular rotations, electron spm flips’

radio waves <3x101! =] mm nuclear spm tlips™



Absorption Spectroscopy

s*Absorption spectroscopy refers to spectroscopic techniques that measure
the absorption of radiation, as a function of frequency or wavelength, due to its interaction with
a sample. The sample absorbs energy, i.e., photons, from the radiating field. The intensity of the
absorption varies as a function of frequency, and this variation is the absorption spectrum.

Absorption spectroscopy is performed across the electromagnetic spectrum.

**The most common arrangement is to direct a generated beam of radiation at a sample and
detect the intensity of the radiation that passes through it. The transmitted energy can be used
to calculate the absorption. The source, sample arrangement and detection technique vary

significantly depending on the frequency range and the purpose of the experiment.



Absorption Spectroscopy

s»Applications: Absorption spectroscopy is employed as an analytical chemistry tool to
determine the presence of a particular substance in a sample and, in many cases, to quantify
the amount of the substance present. Infrared and ultraviolet—visible spectroscopy are
particularly common in analytical applications. Absorption spectroscopy is also employed in
studies of molecular and atomic physics, astronomical spectroscopy and remote sensing.

*»Types of Absorption Spectroscopy:

Sr. No Electromagnetic Radiation Spectroscopic type
1 X-ray X-ray absorption spectroscopy
2 Ultraviolet—visible UV-vis absorption spectroscopy
3 Infrared IR absorption spectroscopy
4 Microwave Microwave absorption spectroscopy

Electron spin resonance spectroscopy
5 Radio wave Nuclear magnetic resonance
spectroscopy



Absorption Spectroscopy
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Figure L.1S Block diagram of a typical absorption spectrometer for use in (a) the infra-red, visible, and ultra-violet regions where a ‘white’
source is available, and (b) the microwave and radiofrequency regions where the source can be tuned over a considerable range of
[requencies.




Absorption Spectroscopy
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Absorption Spectroscopy

**Mechanism: A material's absorption spectrum is the fraction of incident radiation absorbed
by the material over a range of frequencies. The absorption spectrum is primarily determined by
the atomic and molecular composition of the material. Radiation is more likely to be absorbed
at frequencies that match the energy difference between two quantum mechanical states of the
molecules. The absorption that occurs due to a transition between two states is referred to as
an absorption line and a spectrum is typically composed of many lines.

**The frequencies where absorption lines occur, as well as their relative intensities, primarily
depend on the electronic and molecular structure of the sample. The frequencies will also
depend on the interactions between molecules in the sample, the crystal structure in solids, and
on several environmental factors (e.g., temperature, pressure, electromagnetic field). The lines
will also have a width and shape that are primarily determined by the spectral density or

the density of states of the system.



Absorption Spectroscopy - Home Assignments

1. We have an absorption line at 642 nm. Calculate the energy of the absorbed photons.

2. Calculate the energy difference between two absorption lines occurring at 642 nm and 720
nm.

3. Calculate the frequency of following absorption lines and indicated the region of the
electromagnetic spectrum.

(i) 640 nm (ii) 411 nm (iii) 180 nm (iv) 900 nm (v) 1100 nm

Submission Date : 07/05/2021



Emission Spectroscopy

The emission spectrum of a chemical element or chemical compound is the spectrum
of frequencies of electromagnetic radiation emitted due to an atom or molecule making
a transition from a high energy state to a lower energy state. The photon energy of the
emitted photon is equal to the energy difference between the two states. There are many
possible electron transitions for each atom, and each transition has a specific energy difference.
This collection of different transitions, leading to different radiated wavelengths, make up an
emission spectrum. Each element's emission spectrum is unique. Therefore, spectroscopy can
be used to identify elements in matter of unknown composition. Similarly, the emission spectra
of molecules can be used in chemical analysis of substances. emission is the process by which a
higher energy quantum mechanical state of a particle becomes converted to a lower one
through the emission of a photon, resulting in the production of light. The frequency of light

emitted is a function of the energy of the transition.



Emission Spectroscopy

When the electrons in the atom are excited, for example by being heated, the
additional energy pushes the electrons to higher energy orbitals. When the electrons fall back
down and leave the excited state, energy is re-emitted in the form of a photon. The wavelength
(or equivalently, frequency) of the photon is determined by the difference in energy between
the two states. These emitted photons form the element's spectrum. The fact that only certain
colors appear in an element's atomic emission spectrum means that only certain frequencies of
light are emitted. Each of these frequencies are related to energy by the formula:
Ephoton = hv

Ephoton is the energy of the photon, v is its frequency, and h is Planck's constant. This oncludes
that only photons with specific energies are emitted by the atom. The principle of the atomic

emission spectrum explains the varied colors in neon signs, as well as chemical flame test results



Emission Spectroscopy
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Emission Spectroscopy

**Mechansim: Light consists of electromagnetic radiation of different wavelengths. Therefore,
when the elements or their compounds are heated either on a flame or by an electric arc they
emit energy in the form of light. Analysis of this light, with the help of a spectroscope gives us a
discontinuous spectrum. A spectroscope or a spectrometer is an instrument which is used for
separating the components of light, which have different wavelengths. The spectrum appears in
a series of lines called the line spectrum. This line spectrum is called an atomic spectrum when it
originates from an atom in elemental form. Each element has a different atomic spectrum. The
production of line spectra by the atoms of an element indicate that an atom can radiate only a
certain amount of energy. This leads to the conclusion that bound electrons cannot have just

any amount of energy but only a certain amount of energy.



Emission Spectroscopy

**Applications: The emission spectrum can be used to determine the composition of a
material, since it is different for each element of the periodic table. One example is astronomical
spectroscopy: identifying the composition of stars by analysing the received light. The emission
spectrum characteristics of some elements are plainly visible to the naked eye when these
elements are heated. For example, when platinum wire is dipped into a sodium nitrate solution
and then inserted into a flame, the sodium atoms emit an amber yellow color. Similarly, when
indium is inserted into a flame, the flame becomes blue. These definite characteristics allow
elements to be identified by their atomic emission spectrum. Not all emitted lights are
perceptible to the naked eye, as the spectrum also includes ultraviolet rays and infrared
radiation. An emission spectrum is formed when an excited gas is viewed directly through a

spectroscope.



Emission Spectroscopy
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Representation of spectrum

We show in Fig. 1.9 a highly schematic diagram of a spectrometer suitable
for use in the visible and ultra-violet regions of the spectrum. A ‘white’
source 1s focused by lens 1 on to a narrow slit (arranged perpendicularly to
the plane of the paper) and is then made into a parallel beam by lens 2.
After passing through the sample it is separated into its constituent fre-
quencies by a prism and is then focused on to a photographic plate by lens
3:; the vertical image of the slit will thus appear on the plate. Rays have
been drawn to show the points at which two frequencies, v, and v,, are

focused.
If the sample container is empty, the photographic plate, after develop-

ment, should ideally show an even blackening over the whole range of
frequencies covered (i.e., from A4 to B). The ideal situation is seldom realized,
if only because the source does not usually radiate all frequencies with the
same intensity, but in any case the blackening of the plate serves to indicate
the relative intensities of the frequencies emitted by the source.

If we now imagine the sample space to be filled with a substance having
only two possible energy levels, E, and E,, the photographic plate, after
development, will show a blackening at all points except at the frequency
v = (E, — E,)/h, since energy at this frequency will have been absorbed by



Representation of spectrum
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Figure 1.9 Schematic diagram of a spectrometer suitable for operation in the visible region.
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Figure 1.10 Schematic diagram of the absorption spectrum of atomic hydrogen recorded on a
photographic plate.



Representation of spectrum

the_sample in raising each molecule from state 1 to state 2. Further if, as is
almost always the case, there are many possible energy levels, E,, E,, ...,
E;, E,, ... available to the sample, a series of absorption lines will appear
on the photographic plate at frequencies given by v = (E; — E,)/h. A typical
spectrum may then appear as in Fig. 1.10.

At this point it may be helpful to consider what happens to the energy
absorbed in the sort of process described above. In the ultra-violet, visible,
and infra-red regions it is an experimental fact that a given sample con-
tinues to show an absorption spectrum for as long as we care to irradiate
it—in other words, a finite number of sample molecules appear to be cap-
able of absorbing an infinite amount of energy. Plainly the molecules must
be able to rid themselves of the absorbed energy.

A possible mechanism for this is by thermal collisions. An energized
molecule collides with its neighbours and gradually loses its excess energy
to them as kinetic energy—the sample as a whole becomes warm.

Another mechanism is that energy gained from radiation is lost as
radiation once more. A molecule in the ground state absorbs energy at
frequency v and its energy is raised an amount AE = hv above the ground
state. It is thus in an excited, unstable condition, but by emitting radiation
of frequency v again, it can revert to the ground state and is able to
reabsorb from the radiation beam once more. In this case, it is often asked
how an absorption spectrum can arise at all, since the absorbed energy is
re-emitted by the sample. The answer is simply that the radiation is re-
emitted in a random direction and the proportion of such radiation
reaching the detector is minute—in fact re-emitted radiation has as much
chance of reaching the source as the detector. The net effect, then, is an
absorption from the directed beam and, when re-emission occurs, a scat-
tering into the surroundings. The scattered radiation can, of course, be
collected and observed as an emission spectrum which will be—with im-
portant reservations to be discussed in Chapter 4—the complement of the
absorption spectrum. Under the right conditions much of the radiation
emitted from a sample can be in a very coherent beam-—so-called laser
radiation. We discuss this in Sec. 1.10.



Representation of spectrum
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Figure 1.12 The idealized spectrum of a molecule undergoing a single transition.



Representation of spectrum

In modern spectrometers the detector is rarely the simple photographic
plate of Fig. 1.9. One of the most sensitive and useful devices in the visible
and ultra-violet region is the photomultiplier tube, consisting of a light-
sensitive surface which emits electrons when light falls upon it. The tiny
electron current may be amplified and applied to an ammeter or pen re-
corder. The spectrometer would then -appear somewhat as in Fig. 1.11,
where the sensitive element of the photomultiplier is situated at the point 4
of Fig. 1.9. The physical width of the beam falling on the detector can be
limited by the provision of an ‘exit slit’ just in front of the detector entrance.

The frequency of the light falling on the photomultiplier may be altered
either by physically moving the latter from 4 to B or. more usually, by
steady rotation of the prism. If, as before, we imagine the sample to contain
a substance having just two energy levels, the photomultiplier output will,
ideally, vary with the prism orientation as in Fig. 1.12. We say that the
spectrum has been scanned between the frequencies represented by 4 and B,
and such a picture is referred to, rather grandly, as a spectrum in the
‘frequency domain’, to indicate that it records the detector output against
frequency. In Sec. 1.8 we shall discuss ‘time domain’ spectroscopy, where the
detector output is recorded as a function of time.

Again, the ideal situation of Fig. 1.12 is seldom attained. Not only does
the source emissivity vary with frequency, but often the sensitivity of the
photomultiplier is also frequency-dependent. Thus the baseline—the
‘sample-empty’ condition—is never horizontal, although matters can usu-
ally be arranged so that it is approximately linear. Further, since it is
impossible to make either of the slits infinitely narrow, a range of fre-
quencies, rather than just a single frequency, falls on the photomultiplier at
any given setting of the prism. This results in a broadening of the absorb-
ance peak, and the final spectrum may appear rather as in Fig. 1.13. In this



Representation of spectrum
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Figure 1.13 The usual appearance of the spectrum of a molecule undergoing a single tran-

sition (cf. Fig. 1.12); here the background is no longer constant and the absorption region is of

finite width.
figure, too, we have plotted absorbance upwards from 0 to 100% and
transmittance—its complement—downwards. This is the usual way in
which such spectra are represented.

If there are again several energy levels available to the sample, it is very
unlikely that there is the same probability of transition between the various
levels. The question of transition probability will be discussed more fully in
Sec. 1.7 but here we may note that differences in transition probability will
mean that the absorbance (or transmittance) at each absorbing frequency
will differ. This is shown by the varying intensities of the lines on the
photographic plate of Fig. 1.10 and, more precisely, by the recorder trace of

Fig. 1.14(a).



Representation of spectrum

Figure 1.14(a) shows the sort of record which is produced by most
modern spectrometers, whatever the region in which they operate. One
other form of presentation is often adopted, however, particularly in the
microwave and radiofrequency regions, and this is to record the derivative
of the spectral trace instead of the trace itself. The derivative of a curve is
simply its slope at a given point. In calculus notation, the derivative of the
spectral trace is dA/dv, where 4 is the absorbance. The derivative record is
thus a plot of the slope dA/dv against v: this is shown in Fig. 1.14(b)
corresponding to the plot of Fig. 1.14(a).

Although at first sight more complex, the derivative trace has advan-
tages over the direct record in some circumstances. Firstly, it indicates
rather more precisely the centre of each absorbance peak: at the centre of a
peak, the 4 curve is horizontal, hence dA/dv is zero, and the centres are
marked by the intersection of the derivative curve with the axis. Further, for

instrumental reasons, it is often better to measure the relative intensities of
absorbance peaks from the derivative curve than from the direct trace.



Representation of spectrum
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Figure 1.14 To illustrate the relation between absorption and derivative spectra: in (a) the absorption nuclear magnetic

resonance spectrum of benzyl alcohol, C¢H CH,OH, is shown, and in (b) the derivative (or dispersion) spectrum of the same
molecule.




Basic elements of practical spectroscopy.

I. Absorption instruments. Figure 1.15(a) shows, in block diagram form,
the components of an absorption spectrometer which might be used in
the infra-red, visible, and ultra-violet regions. The radiation from a white
source is directed by some guiding device (e.g., the lens of Fig. 1.9, or
mirrors) on to the sample, from which it passes through an analyser (e.g.,
the prism of Fig. 1.9), which selects the frequency reaching the detector at
any given time. The signal from the latter passes to a recorder which is
synchronized with the analyser so as to produce a trace of the absorb-
ance as the frequency varies.

Placed, often, between the sample and the analyser is a modulator:
this mechanical or electronic device interrupts the radiation beam a
certain number of times per second, usually fixed somewhere between 10
and 1000 times, and its effect is to cause the detector to send an alternat-
ing current signal to the recorder, with a fixed frequency of 10-1000 Hz,
rather than the direct current signal which would result from a steady,
uninterrupted beam. This has two main advantages: (a) the amplifier in
the recorder can be of a.c. type which is, in general, simpler to construct
and more reliable in operation than a d.c. amplifier, and (b) the amplifier
can be tuned to select only that frequency which the modulator Imposes
on the signal, thus ignoring all other signals. In this way stray radiation
and other extraneous signals are removed from the spectral trace and a
better, cleaner spectrum results.



Basic elements of practical spectroscopy.

In the microwave and radiofrequency regions it is possible to con-
struct monochromatic sources whose emission frequency can be varied
over a range. In this case, as Fig. 1.15(b) shows, no analyser is necessary,
the source being, in a sense, its own analyser. Now it is necessary for the
recorder to be synchronized with the source-scanning device in order
that a spectral trace be obtained.

2. Emission instruments. The layout now differs in that the sample, after

excitation, is its own source, and it is necessary only to collect the
emitted radiation analuea and recard it in tha on ol eesner Dlacema 1 12

shows, schematically, a typical spectrometer. The excitation can be ther-
mal or electrical, but often takes the form of electromagneiic radiation.
In the latter case it is essential that the detector does not collect radi-
ation directly from the exciting beam, and the two are placed at right
angles as shown. A modulator placed between the source of excitation
and the sample, together with a tuned detector-amplifier, ensures that the
only emission recorded from the sample arises directly from excitation;:
any other spontaneous emission is ignored.



Basic elements of practical spectroscopy.
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Figure L.1S Block diagram of a typical absorption spectrometer for use in (a) the infra-red, visible, and ultra-violet regions where a ‘white’
source is available, and (b) the microwave and radiofrequency regions where the source can be tuned over a considerable range of

[requencies.




Basic elements of practical spectroscopy.
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Signal-to-noise ratio
Since almost all modern spectrometers use some form of electronic amplifi-
cation to magnify the signal produced by the detector, every recorded spec-
trum has a background of random fluctuations caused by spurious
electronic signals produced by the detector, or generated in the amplifying
equipment. These fluctuations are usually referred to as ‘noise’. In order
that a real spectral peak should show itself as such and be sufficiently
distinguished from the noise, it must have an intensity some three or four
times that of the noise fluctuations (a signal-to-noise ratio of three or four).
This requirement places a lower limit on the intensity of observable signals.
In Sec. 1.9 we refer briefly to a computer-averaging technique by which it is
possible to improve the effective signal-to-noise ratio.

Resolving Power

This is a somewhat imprecise concept which can, however, be defined rather
arbitrarily and is often used as a measure of the performance of a spectrom-
eter. We shall here consider it in general terms only.

No molecular absorption takes place at a single frequency only, but
always over a spread of frequencies, usually very narrow but sometimes
quite large (see Sec. 1.7); it is for this reason that we have up to now drawn
spectra with broadened line shapes (cf. Fig. 1.14(a)).

Let us consider two such lines close together, as on the right of Fig.
1.17(a): the dotted curve represents the absorption due to each line separ-
ately, the full line their combined absorption. We shall first take the exit slit
width to be larger than the separation between the lines. Scanning the



Signal-to-noise ratio
spectrum plainly involves moving the twin absorbance peaks steadily to the
left so that they pass across the exit slit and into the detector; the situation
at successive stages is shown in (b), (c), and (d) of Fig. 1.17, the shaded area
showing the amount of absorbance which the detector would register. At (e)
of this figure, the absorbance is plotted against frequency, together with the
approximate positions of stages (a), (b), (c), and (d).

[t is quite evident that the separation between the lines has disappeared
under these conditions—-the lines are not resolved. It is equally evident that
the use of a much narrower slit would result in their resolution—the resoly-
ing power would be increased. In fact, provided the slit width is less than the
separation between the lines, the detector output will show a minimum
between them.

However, it must be remembered that a narrower slit allows less total
energy from the beam to reach the detector and consequently the intrinsic
signal strength will be less. There comes a point when decreasing the slit
width results in such weak signals that they become indistinguishable from
the background noise mentioned in the previous paragraph. Thus spectros-
copy is a continual battle to find the minimum slit width consistent with
acceptable signal-to-noise values. Improvements in resolving power may
arise not only as a result of obtaining better dispersion of the radiation by
the analyser (e.g., by the use of a diffraction grating rather than a prism for
the ultra-violet and infra-red regions) but also by using a more sensitive
detector.



Signal-to-noise ratio
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Figure 1.17 Illustrating the relation between slit width and resolving power



Representation of spectrum — the width and intensity of spectral lines

***In molecular spectroscopy, the spectral lines depend on two factors :
(i) Width of the spectral lines decides the sharpness or broadness of the line

ii) Intensity of the spectral lines decides the strength of the signal
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Factors affecting the width of spectral lines

L. Collision broadening. Atoms or molecules in liquid and gaseous phases
are in continual metion and collide frequently with each other. These
collisions inevitably cause some deformation of the particles and hence
perturb, to some extent, the energies of at least the outer electrons in
each. This immediately gives a possible explanation for the width of
visible and ultra-violet spectral lines, since these deal largely with tran-
sitions between outer electronic shells. Equally vibrational and rotational
spectra are broadened since collisions interfere with these motions too.

- In general, molecular interactions are more severe in liquids than in
gases, and gas-phase spectra usually exhibit sharper lines than those of
the corresponding liquid.

In the case of solids, the motions of the particles are more limited in
extent and less random in direction, so that solid-phase spectra are often
sharp but show evidence of interactions by the splitting of lines into two
Oor more components.



Factors affecting the width of spectral lines

2. Doppler broadening. Again in liquids and gases the motion of the parti-
cles causes their absorption and emission frequencies to show a Doppler
shift; since the motion is random in a given sample, shifts to both high
and low frequencies occur and hence the spectral line is broadened. In
general, for liquids collision broadening is the most important factor,
whereas for gases, where collision broadening is less pronounced, the
Doppler effect often determines the natural line width.



Factors affecting the width of spectral lines

3. Heisenberg uncertainty principle. Even in an isolated., stationary mol-
ecule or atom the energy levels are not infinitely sharp, due to the
operation of a fundamental and very important principle, the Uncer-
tainty Principle of Heisenberg. In effect this says that, if a system exists in
an energy state for a limited time dt seconds, then the energy of that state
will be uncertain (fuzzy) to an extent 8 E where

O0E x ot x h2n ~ 10734 J s (1.10)

where h is again Planck’s constant. Thus we see that the lowest energy
state of a system is sharply defined since, left to itself, the system will
remain in that state for an infinite time; thus 6t = oo, and E = 0. But,
for example, the lifetime of an excited electronic state is usually only
about 107%s, which gives a value for J8E of about
107°%/107% = 107 2° J. A transition between this state and the ground
state will thus have an energy uncertainty of dE, and a corresponding
uncertainty in the associated radiation frequency of SE/h, which we can
write as:

oy = 5—E ~ . : 1.11
" h 2nhot 27t51 (hld




Factors affecting the intensity of spectral lines

1. Transition probability. The detailed calculation of absolute transition
probabilities is basically a straightforward matter, but as it involves a
knowledge of the precise quantum mechanical wave functions of the two
states between which the transition occurs, it can seldom be done with
accuracy and is, in any case, beyond the scope of this book. We shall
generally content ourselves with qualitative statements about relative
transition probabilities without attempting any detailed calculations.

At a much lower level of sophistication, however, it is often possible
to decide whether a particular transition is forbidden or allowed (1.e.,
whether the transition probability is zero or non-zero). This process is
essentially the deduction of selection rules, which allow us to decide
between which levels transitions will give rise to spectral lines, and it can
often be carried out through pictorial arguments very like those we have

already used in discussing the activity or otherwise of processes in
Sec. 1.3,



Factors affecting the intensity of spectral lines

2. Population of states. If we have two levels from which transitions to a
third are equally probable, then obviously the most intense spectral line
will arise from the level which initially has the greater population. There

is a simple statistical rule governing the population of a set of energy

levels. .

For example, if we have a total of N molecules distributed between

two different energy states, a lower and an upper with energies E, .. and

E,pper » TESPECtively, we would intuitively expect most of the molecules to

occupy the lower state. Proper statistical analysis bears this out and

shows that, at equilibrium

1—1:;—"2& = exp(—AE/kT) (1.12)
lower

where AE = E, .., — Ejower» T 1s the temperature in K, and k is a univer-
sal constant. The expression is known as the Boltzmann distribution,
after its originator, and k, which has a value of 1:38 x 10723 J K !, as
Boltzmann’s constant. Examples showing the use of this very important
expression will recur throughout the remaining chapters.



Factors affecting the intensity of spectral lines

3. Path length of sample. Clearly if a sample is absorbing energy from a
beam of radiation, the more sample the beam traverses the more energy
willi be absorbed from it. We might expect that twice as much sample
would give twice the absorption, but a very simple argument shows that
this is not so. Consider two identical samples of the same material, S,
and S,, and assume that S, or S, alone absorb 50 per cent of the energy
falling on them, allowing the remaining 50 per cent to pass through. If
we pass a beam of initial intensity I, through S,, 50 per cent of I, will be
absorbed and the intensity of the beam leaving S, will be 41,; if we then
pass this beam through S, a further 50 per cent will be absorbed, and
4 x 41, =4I, will leave S,. Thus two 50 per cent absorptions in suc-
cession do not add up to 100 per cent but only to 75 per cent absorption.
An exactly similar relationship exists between the concentration of a
sample and the amount of energy absorption—a doubling of the concen-
tration produces something less than a doubling of the absorption.

These relationships are best expressed in terms of the Beer—Lambert
law, which 1s:

L4 = exp(—é&cl) (1.13)
I

where I, is the intensity of radiation falling on the sample, and I that
part transmitted, ¢ and [ are the sample concentration and length, and ¢
is the extinction coefficient or absorption coefficient, which is a constant
for a given type of transition (e.g., electronic, vibrational, etc.) occurring
within a particular sample. Clearly ¢ is closely connected with the tran-
sition probability discussed above, a large probability being associated
with a large ¢, and vice versa.






























