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Emission and absorbtion of light by atoms and molecules. 


Wavelength-dependent features specific to a material and related to the generation or propagation of electromagnetic radiation are called the spectral properties of the material. There are spectral properties corresponding to emission, absorption, and scattering of electromagnetic waves.
Emission Spectra

The simplest case is spontaneous radiation of a material in the atomic state. It is well known that each kind of atom is characterized by a specific energy diagram each horizontal line represents the possible level of energy which the atom, being excited, might possess. 

The energy levels of atoms are studied by measuring the wavelengths of light emitted by the atoms in excited states. Atoms become excited when they absorb energy. In a gas, excited atoms are produced with heat or electric currents. 


Each transition from a higher level  to a lower level (say, 0) is accompanied by emission of a photon of energy:
E1 − E0 = hν1;
E2 − E0 = hν2

The light emitted is analysed in a spectrograph, which disperses the light in different directions according to its wavelength or frequency. Transitions from higher to lower energy levels appear as bright lines in the spectrum and this is represented on the wavelength scale or optical frequency scale by a corresponding peak  called the spectral line. This technique is known as emission spectroscopy.

The height of each peak represents the intensity of the radiation,  I,  at a specific optical frequency. This depends on the probability of the transition between corresponding energy levels (which is described in terms of the number of atoms at each energy level, the lifetime of the atoms at each level, and some other properties of atoms). A graph is called the emission spectrum.
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(a) Energy diagram and (b) emission spectrum.

The main features of the emission spectrum are the location of the spectral lines and their relative intensities. These features are very specific for each kind of atom and this is the main reason why the emission spectrum is widely used for the identification of different atoms present in a compound to be tested. 

Of course, the energy diagram and the emission spectrum of many atoms are much more complicated. This is also true for ions or molecules where the number of degrees of freedom are significantly higher than in a simple atom. As a result, the energy diagram has many more possible energy levels and the corresponding emission spectrum is rich in spectral lines widely spread not only in the visible, but also in the IR wavelength  region.

It should be  mentioned that in the numerical and graphical presentation of spectra three types of units are widely used: 
1. wavelength  λ  (usually in micrometers, µm, or nanometers, nm, or angstroms, Å); 
2. optical frequency  ν = c/λ  ( in Hertz, Hz);
3. wavenumber  k  = 1/λ  (in cm−1; if  λ  is in µm  then  k  = 10, 000/λ cm−1).


In reality each spectral line has a finite width, δλ, and a specific shape, I(λ), governed by several physical mechanisms of which we will mention here the following basic three:
1. Attenuation of the atom oscillations while emitting the photons. This causes a slight, but finite broadening of energy levels; the corresponding width of the spectral line is called the natural width, δλn, and it is estimated by the value 1.2 × 10−4 Å (1 Å = 10−8 cm).
2. Broadening of spectral lines due to collisions between atoms of a radiating gas, δλc. 
3. Broadening due to thermal motion of atoms (Doppler broadening, δλD).
Usually the Doppler width is much more significant than the other broadening factors, especially at high temperatures.

In practice, in order to observe the emission spectrum of a material (e.g., a metal alloy) a sample of it (a slab or a rod) is introduced into an electrical discharge arc where, due to the high temperature, the solid alloy is disassembled into separate atoms and ions which are energized and start to emit radiation. 

The arc with the sample is used as the radiation source positioned at (or projected to) the entrance plane of a spectral instrument and the emission spectrum of the compound is created and analyzed in the output plane of the device. 

Usually an entrance slit is positioned in the entrance plane of the spectral device. It is the images of this slit appearing at separate locations corresponding to each active wavelength that create the emission spectrum in the output plane. Different wavelengths appear at different positions in the horizontal direction.
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Example of an emission spectrum.

If the spectrum is photographed on a film then the intensities of the spectral lines are related to the optical density of the corresponding images on the photograph.

The emission spectra of all chemical elements and many molecules are well known and tabulated, so that the spectral analysis of an unknown compound requires careful comparison of the observed emission spectrum with tabulated data. 

The concentration of the elements in the compound evidently affects the relative intensity of the spectral lines and should also be taken into account.

Another example of the usefulness of emission spectra comes from astrophysics. Here valuable information is obtained not only from the position and intensity of spectral lines (which allow one to identify different elements in the atmospheres of stars and planets), but also from analysis of the shapes of spectral lines enabling one to understand different physical processes occurring in the universe.
Until lasers were developed, however, it was impossible to achieve the resolution desired because the frequency of the light emitted is affected by the motion of the atoms and collisions between them. 

The frequency shift from atomic motion, known as the Doppler effect, limits the resolution to about 10-2 %. However, with intense light at a fixed frequency available from lasers, one can preferentially excite atoms moving at some particular velocity. Modern instrumentation makes it possible to observe structure in the lines to 10–5 %. This accuracy allows the effects of nuclear spin, size, and shape to be measured directly with atomic lines.
Absorption Spectra


If white light is passed through a gas of the element being studied, light will be absorbed for those frequencies that allow a transition of the atom from the ground state to an excited state. The absorption creates a dark line in the spectrum of the white light. This is called absorption spectroscopy. The characteristics of the lines can be measured with great accuracy using spectrographs together with other optical instruments called interferometers.


In the terminology of quantum mechanics absorption of radiation by atoms or molecules is described in a manner very similar to that of emission of electromagnetic waves.  Each transition from  a lower level (say, 0) to a higher level is accompanied by absorption of a photon of energy:

E1 − E0 = hν1;
E2 − E0 = hν2
and this is represented on the wavelength scale or optical frequency scale by the corresponding change in
the intensity distribution  of  incoming  continuous-wavelength radiation from an external source,  IS  (say, black body radiation) called the absorption spectral line. 


Obviously, the decrease of intensity of the incoming radiation passing through a mixture of atoms due to absorption phenomena depends on the number of atoms at various energy levels and, therefore, is influenced by the concentration of atoms and the optical path of radiation in the absorbing media.

[image: image3.emf]
(a) Energy diagram and (b) absorption spectrum.


Absorption spectral lines have in reality a finite width governed by the same conditions and rules as that of emission spectra, as described above.

An example of a real absorption spectrum is the spectrum of solar radiation at sea level on earth (after passing through the atmosphere). Absorption lines related to oxygen, water, and CO2 are clearly identified.
Scattering Spectra

A medium transparent to electromagnetic waves is illuminated by radiation of an external source having a few spectral lines (of frequencies ν1, ν2, etc.). The photons of the incident radiation are scattered by molecules of the medium according to the laws of quantum mechanics which take into account not only quantization of energy but also quantization of moments of moving particles (rotation and vibration of molecules and radicals). 

If the frequencies corresponding to the molecule motion are  ν1(m), ν2(m), ...  etc.,  the scattered light comprises  all possible combinations of incident frequencies with those of the molecules, e.g., in  the  scattered  radiation  spectrum  new  frequencies  appear:  
νijred  =  νi  − νj(m);       νijvio   =  νi  +  νj(m).

These two groups of new lines are called the red and violet satellites of the corresponding lines of the incident spectrum and  the phenomenon itself is called Raman scattering.

    
The violet satellites are usually weaker than the red ones, but this difference  is reduced with increasing temperature of the scattering media. In general, intensities of the satellite’s lines are much lower than those of the incident spectral lines and this leads to difficulties in the observation of Raman spectra in practice. 

In spite of this, analysis of Raman spectra has become a powerful tool in the study of the molecular structure of materials. This is especially true for complex organic compounds when other (chemical) methods become ineffective or even useless.
Luminescence Spectra
Luminescence is defined as the ability of a substance to emit radiation after it is excited by some kind of incident energy, either radiant or non-radiant, providing that the excitation is not thermally originated. 

The electromagnetic radiation is usually in the visible range, but can also occur in ultraviolet (UV) or infrared (IR). It is possible to excite luminescence by UV and visible radiation (photoluminescence), by beam of energetic electrons (cathodoluminescence), by X-rays (X-ray excited luminescence) and so on. The special case is so-called thermoluminescence, which is stimulation by heating of luminescence, preliminary excited in a different way.

[image: image4.emf]
(a) Absorption and (b) luminescence processes. 

Luminescent light is definitely different from thermal radiation – it is governed by different physical laws and conditions (e.g., Kirchhoff ’s law is valid for thermal radiation of any body but is not applicable to luminescent light). In other words, luminescence is a property related to a medium which is not in a thermal equilibrium state.

A typical energy spectrum of a substance with molecular structure is presented in Fig.. The energy levels constitute a number of groups (called the spectrum bands) each one having several lines close to each other. An incident photon of high energy (UV radiation or X-rays) absorbed by the molecules of the substance causes the energy to increase from one of the levels of band 1 to one of the levels of band 3. Another photon of slightly different energy can be also absorbed causing a transition to another energy level of the same band. As a result, an absorption band of a certain width is created (see the lower part of Fig a). 

A small part of the absorbed energy of each incident photon  is lost by the molecule (due to mechanical motion or collisions with other particles). Then the molecule comes to the lowest energy level of this spectral band. From here the molecule undergoes a transition to one of the levels of the lower spectral band, 1, while the corresponding photons are emitted. In a collection of molecules all possible transitions are realized and the emitted spectrum (spectrum of luminescence) is a collection of spectral lines typical for given substance (and practically independent of the kind of excitation photons). 

Obviously the luminescent radiation has greater wavelength (less energetic photons) than the excitation radiation (Stokes’ rule) (see the lower part of Fig b):
hνL < hνE
(this effect is indicated in the lower part of Fig. b).

An important characteristic of luminescence is the quantum efficiency of the luminescence process, ηL, defined as the ratio of luminescent energy to the absorbed energy of the excitation photons:
[image: image5.emf]

If a single photon of high energy (short wavelength, λa) causes emission of a number of photons of different wavelengths, λi, inside the luminescence spectrum, the following expression is related to the number of photons obtained:
[image: image6.emf]

Other important characteristics of luminescence are the time delay between absorption and emission of radiation and the duration of luminescence. 

Longduration luminescence is usually termed phosphorescence and the shortduration process is called fluorescence. The latter is widely used in biology and medicine (e.g., analysis of live cells in fluorescence microscopy or X-ray imagers).
Molecular spectra


Unlike atoms, the energy of molecules is determined not only by energy state of electron shell, but also by vibration of atomic nuclei relative to one another and by rotation of molecules around their axes.


These three forms of motion are interconnected, but their mutual influence is small. Therefore the total energy Е of molecule can be represented as the sum of the electronic Еe, vibrational Еv and rotational Еr energies:


Е = Еe + Еv + Еr.

Each of these forms of energy can take the strictly defined values. As a result the frequency of light v, which is emitted or is absorbed with a change in the energy state of molecule, is
v  = ( Е /h  =  ( Еe /h +( Еv /h +( Еr /h,

and the spectrum of molecule contains the separate, closely spaced lines, which form strips.


The greatest are differences in the electron energies ( Еe, and smallest - differences in the rotational energies ( Еr, i.e.,


( Еe  > ( Еv  > ( Еr,

The electron shell of molecule can be in the different energy states.


Let  Еe and  Еe(  are the basic and excited electronic energy levels.


To each of these electronic configurations correspond vibrations of nuclei. As a result there are two collections of vibrational energy levels for the basic and that excited electronic configurations.


Because of the rotation of molecule each vibrational energy level is decomposed in a number of the rotational energy sublevels.


Molecular spectra occupy the wide range of electromagnetic radiation.


If molecular excitation is insignificant, so that

( Еe = 0,  ( Еv = 0,  ( Еr ( 0,
then transitions between the rotational energy sublevels give the frequencies, which form the purely spectrum band, which consists of the individual spectral lines, located in far infrared and microwave regions.



If molecular excitation changed vibrational energy of the nuclei  Еv,  then:


( Еe = 0,  ( Еv ( 0,  ( Еr ( 0.
In this case appears the vibration-rotation spectra (often termed rovibrational), which is located in neighbor infrared region. It consists of the strips, which are decomposed in separate lines, caused by the transitions between the rotational energy sublevels of the same electron level.


With the significant molecular excitation  

( Еe ( 0, ( Еv ( 0,  ( Еr ( 0.
The electron vibration-rotation spectra, which is observed in this case, is located in visible and ultraviolet regions. It consists of the strips, formed by the individual lines, caused by the transitions between the rotational energy sublevels of different electronic configurations. 

The spectra of absorption (absorption) and emission (emission) of  molecules are strictly individual, which makes it possible to use them for conducting the quantitative and qualitative analyzes.


Absorptive vibrational and electron spectra are especially important information source about the structure of organic molecules and the nature of intermolecular interactions. 

Because of the correspondence of the observed frequencies to the vibrations of the different groups of atoms in the molecule it became possible across the vibrational spectra to determine presence in the molecule of the separate groups of atoms and bonds, i.e., to define the structure of molecule.

Photometry

The degree of luminous absorption is measured for the identification of substances, determination of their concentration, structural parameters of macromolecules.


Luminous absorption is manifested in weakening of the luminous flux, which passed the sample under investigation (solution or substance). 

It will be the greater, the greater is the concentration C of the substance in the solution being investigated, the thickness L of the layer of solution  and the absorption capability of substance.


Measurement of the properties of absorption, transmission and reflection properties is the basic task of photometry.

The intensity of radiation IL  passing through a slab of a given thickness L  obeys Bouguer’s law:
IL = I0 exp (−αm L)

where  αm  is  the coefficient of  absorption of  substance  (m-1),   I0  is  the intensity of radiation at the entrance of the slab.
Transmittance T is defined as the ratio of the intensity of radiation  IL  passing through a slab of a given thickness L  to the intensity I0  of radiation at the entrance of the slab:
T = IL/I0.
Absorbance D is the  logarithm  of  the  reciprocal  transmittance, thus
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The absorbance D of fluid or solid solutions of certain chemical compounds, especially of those in biological substances,  is proportional  to the concentration C of the compound in consideration and to the path L of light travelling through the substance (Lambert-Beer's law). This law is expressed  by

D = ε·C·L.
The proportionality factor  ε  in Lambert-Beer's law is called molar absorptivity. It is specific for the absorbing substance, and depends on the wavelength  at  which the absorbance is measured. Usually the wavelength for maximum absorption is used. 

In order to determine the concentration  C  we need to measure the absorbance D  and  to  know  two  constants:  molar  absorptivity  ε  and  thickness L, according  to

C = D / ε ·L.
The absorptivity ε values are listed in  tables.

 If the material is available in tiny amounts,  microscope  photometry  may  be used. 

The main application of Lambert-Beer's law in microscope   photometry is the determination of the concentration of absorbing compounds in microscopic specimens, or the determination of the amount of mass of compounds, where this is closely related to concentration.


Bouguer-Lambert-Beer law is the basis of concentration colorimetry - the photometric method of determining substance concentration in the painted solution.


If  two solutions of the same substance absorb light equally (identical αm), then the relation of their concentrations С1 and С2 is inversely proportional to the relation of the lengths of optical cuvettes  L1 and L2.  Actually, if D1 = D2, then
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Thus, changing thickness of the layer L1 and  L2  so that D1 = D2 (it is established visually) and knowing  one of  the concentrations С1 or С2, it is easy to find the second one.
Scattering of light


When light wave passes through the substance, electrons inside the atoms and the molecules accomplish forced oscillations with the frequency of incident radiation. In this case they become secondary emitters.


Calculations show that in the homogeneous media (optical glass, clean, transparent liquids and gases) the secondary waves as a result of the interference dissipate each other for all directions, except the direction of propagation of the light, which is passed through the substance.


The necessary condition for the complete extinction is the uniformity of medium, because not only coherence is necessary, but also the equality of the intensities of secondary waves. 
With the presence of  heterogeneities the intensity of secondary waves in the different places and directions will have different values, therefore complete extinction does not take place and the scattering of  light will be observed.


Two forms of the heterogeneities are distinguished:


The heterogeneities, which are caused by the presence of the small outside particles (fog, smoke, emulsion, suspension). Such media, which contain the small outside particles, which overhung in the homogeneous medium, are named turbid media. Scattering of light in the turbid medium is called the Tyndall effect.

Scattering of light during the fluctuations of refractive index, which are caused by the fluctuations of density, temperature, concentration and the like, is called molecular (fluctuation is the deviation of the specific value from its average value).


With the scattering of light in the turbid medium on particles less than 0.2(, and also with the molecular scattering the intensity of scattered light I  is inversely proportional fourth degree of wavelength (Rayleigh's law):
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EMBED Equation.3[image: image10.wmf].
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If the sizes of heterogeneities are considerably greater the wavelength 0.2( of emission, then
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EMBED Equation.3[image: image12.wmf].
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As a result of the scattering of light the intensity of light  I in the propagation directions decreases more rapidly than only with the absorption.  Intensity of light I in this case
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Where ( = k + αm - coefficient of relaxation (((= 0.43(), k is the coefficient of scattering.


The intensity of scattered light in the different directions is equal



[image: image14.wmf]).

cos

1

(

2

2

a

p

a

+

=

І

І

    

The light, scattered at angle  ( = ( /2  to the direction of emission, which is passed through the substance, is polarized, and the scattered intensity doubly smaller at angles ( = 0 and ( = (.


The methods of measuring of intensity and degree of polarization of scattered light for obtaining the information relatively intermolecular interaction, concentration, and particle sizes in the solutions are named  nephelometry, and instruments - nephelometers.
Classification of spectral Instruments

Although there exists a great variety of spectral instruments they can be classified with regard to: 

1. destination; 

2. type of dispersive elements and main architecture; 

3. ability with regards spectral resolution.

With regard to destination, there are: 

1. monochromators (intended for the creation of monochromatic radiation of a chosen wavelength), 

2. spectrometers (intended for registration and measuring the entire spectrum of a sample), and 

3. spectrophotometers (intended for measuring transmission and absorption factors of solids and liquids).  

With regard to the main architecture of the instrument,  there  are:    

1. devices with  prisms as a dispersive element,    

2. devices with  diffraction  gratings as a dispersive element,  

3. devices of interferometric configuration. 

As to the spectral resolution ability, there are systems of low resolution, of high resolution, and of super high resolution. 

No matter which dispersive element is exploited in a device or what architecture is chosen, the following parameters serve as basic characteristics of the instrument:

1. Angular dispersion of the dispersive element,  dϕ/dλ  (rad/nm).

2. Linear dispersion at the exit plane (the spectrum plane), dl/dλ (mm/nm). More frequently the reciprocal value is used (reciprocal liner dispersion):  dλ/dl (nm/mm) which is the spectral interval incident on a 1 mm segment of the exit plane.

3. Spectral resolution,  m = λ/δλ (dimensionless),  where  δλ is the minimum resolvable spectral interval. For low-resolution devices is usually about 103 –104 whereas in super high-resolution systems can achieve a value of 106 or more.

We now consider the minimum resolvable spectral interval  δλ.   The spectral resolution of the instrument is the main feature of the system. This is defined by the minimum resolvable spectral interval  δλ  which is determined according to the Rayleigh criterion:

 Two wavelengths, λ and λ + δλ, can be still resolved (i.e., registered separately) if the distance between the central points is at least as small as half of the spectral line width. 

Their intensity distributions in the output plane correspond to the graph.

Obviously the resolution is strongly affected by the width and shape of the spectral line. Both are limited by several physical phenomena, as explained in the previous section. However, they are also dependent on the instrument parameters, in particular on the width of the entrance slit. Besides this, the illumination conditions at the entrance of the device as well as aberrations of the imaging optics are also important.
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