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Spectroscopy is a general term for the science dealing with interactions of various types of radiation with 

matter. Spectrometry and spectrometric methods refer to the measurement of the intensity of radiation with a 

transducer. The most widely used methods are based on electromagnetic radiation, the most recognizable 

being visible light and radiant heat. Less obvious manifestations include gamma ray, X – ray, ultraviolet, 

microwave and radio – frequency radiation. 

 

Electromagnetic radiation is produced when a charge particle accelerates. The acceleration of charge 

produces changing electric and magnetic field which constitute an electromagnetic wave. The formation of 

electromagnetic waves can be explained using Maxwell’s electrodynamics equations. The electromagnetic 

spectrum encompasses an enormous range of wavelengths and frequencies (and thus energies). It is shown in 

the figure below. 

 

The boundaries separating different regions of the electromagnetic spectrum are not sharply defined. Several 

regions overlap each other. The divisions are based on methods used to generate and detect the various kinds 

of radiation.  

Radio waves are formed due to acceleration of charges through conducting wires. Ranging from more than 

      to about       in wavelength, they are generated by electronic devices like LC oscillators and are 

used in radio and television communication systems. 

Microwaves are generated by electric circuits with oscillating current. They have wavelengths ranging from 

approximately       to       . Because of their short wavelengths, they are well suited for radar systems 

and for studying the atomic and molecular properties of matter. Microwave ovens (in which the wavelength 

of the radiation is        ) are an interesting domestic application of these waves. It has been suggested that 

solar energy could be harnessed by beaming microwaves to the Earth from a solar collector in space. 

Infrared waves have wavelengths ranging from        to the longest wavelength of visible light,       . 

These waves, produced by molecules and room temperature objects, are readily absorbed by most materials. 

The infrared (IR) energy absorbed by a substance appears as internal energy because the energy agitates the 

atoms of the object, increasing their vibrational or translational motion, which results in a temperature 

increase. Infrared radiation has practical and scientific applications in many areas, including physical 

therapy, IR photography, and vibrational spectroscopy. 

Visible light, the most familiar form of electromagnetic waves, is the part of the electromagnetic spectrum 

that the human eye can detect. Light is produced by the rearrangement of electrons in atoms and molecules. 
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The various wavelengths of visible light, which correspond to different colors, range from red          to 

violet         . The sensitivity of the human eye is a function of wavelength, being a maximum at a 

wavelength of about       . 

Ultraviolet waves cover wavelengths ranging from approximately        to       . The Sun is an 

important source of ultraviolet (UV) light. UV light is the main cause of sunburn. Various other sources such 

as tungsten lamp are also used to produce ultraviolet light. Although they lack the energy to ionize atoms, 

long – wavelength ultraviolet radiation can cause chemical reactions and can cause fluorescence in materials 

with which they interact. 

X – rays have wavelengths ranging from approximately        to        . The most common source of X 

– rays is the deceleration of high energy electrons bombarded on a metal target. They are used as a 

diagnostic tool in medicine and as a treatment for certain forms of cancer. Because they damage or destroy 

living tissues and organisms, care must be taken to avoid unnecessary exposure or overexposure. They are 

also used in the study of crystal structure because their wavelengths are comparable to the atomic separation 

distances in solids (about       ). 

Gamma rays are electromagnetic waves emitted by radioactive nuclei (such as      and      ) and are also 

produced during certain nuclear reactions. High energy gamma rays are a component of cosmic rays that 

enter the Earth’s atmosphere from space. They have wavelengths ranging from approximately         to 

less than        . They are highly penetrating and produce serious damage when absorbed by living tissues. 

Consequently, those working near such radiation must be protected with heavily absorbing materials, such as 

thick layers of lead. 

The following table lists the wavelength and quantum transition associated with various spectroscopic 

methods. 

Type of Spectroscopy Wavelength Range Type of Quantum Transition 

Gamma ray emission               Nuclear 

X – ray absorption, emission, 

fluorescence and diffraction 
            Inner electron 

Vacuum ultraviolet 

absorption 
            Bonding electrons 

Ultraviolet – Visible 

absorption, emission and 

fluorescence 

             Bonding electrons 

Infrared absorption and 

Raman scattering 
              Rotation / vibration of molecules 

Microwave absorption               Rotation of molecules 

Electron spin resonance      Spin of electrons in a magnetic field 

Nuclear magnetic resonance            Spin of nuclei in a magnetic field 

 

Electrons in an atom exist in certain allowed energy states. Each element has a characteristic set of energy 

levels. When an electron makes a transition from a higher energy level to a lower energy level, radiation is 

emitted. An electron goes from a lower energy level to a higher energy level when it absorbs energy and 

vice-versa. Such transitions follow certain selection rules and are always accompanied by the emission / 

absorption of radiation. The wavelength (or frequency) of the emitted / absorbed radiation is determined by 

the difference in the energies of the two atomic energy levels: 

            

where    and     are the energies of the levels involved in transition,   is Planck’s constant ,   is the 

frequency of the emitted/absorbed radiation and    is the energy of the corresponding photon. As shown in 

the figure when a hydrogen atom makes a transition from the 2
nd

 energy level to the 1
st
, it gives a photon of 
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radiation with energy equal to the difference of energy between levels 2 and 1. This energy corresponds to a 

specific colour or wavelength of light and thus we see a bright line at that exact wavelength. This is an 

emission spectrum. 

 
a) Emission Spectrum 

 
b) Absorption Spectrum 

On the other hand, if a photon of the same energy was incident on a hydrogen atom in the ground state, the 

atom could absorb this photon and make a transition from the ground state to a higher energy level. This 

process gives rise to a dark absorption line in the spectrum. This is an absorption spectrum. 

The frequencies contained in the emission/absorption spectra of each element are unique and no two 

elements have the same type of emission/absorption spectra because each one of them has a characteristic set 

of allowed energy levels. 

 

To be suitable for spectroscopic studies, a source must generate a beam with sufficient radiant power for 

easy detection and measurement. The output power should also remain stable for reasonable periods. The 

sources can further be subdivided into, 

a. Continuum Sources 

Continuum sources emit radiation that changes in intensity slowly as function of wavelength. These 

sources find widespread use in absorption and fluorescence spectroscopy. 

 

b. Line Sources 

Line sources emit a limited number of lines, or bands of radiation, each of which spans a limited 

range of wavelengths. They find wide use in atomic absorption spectroscopy, atomic and molecular 

fluorescence spectroscopy and Raman spectroscopy.

The figure below shows the various light sources in different wavelength ranges. 
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Molecular absorption spectrometry in the ultraviolet and visible spectral regions is widely used for 

quantitative determination of a large number of inorganic, organic and biological samples. The wavelength 

of light used lies in the region of     to       . For the purposes of molecular absorption, a continuum 

source is required whose radiant power does not change sharply over a considerable range of wavelengths. 

Various light sources are used to produce ultraviolet and visible light. Few of them are, 

a. Tungsten Filament Lamps 

The most common source of visible and near – infrared 

radiation is the tungsten filament lamp. The lamp produces 

radiation when electricity passed through the tungsten 

filament encased in a glass envelope. The schematic of the 

tungsten bulb is shown in the adjoining figure. 

The energy distribution of this source is approximately 

that of a blackbody. Thus the radiation is temperature 

dependent. In most instruments, operating temperature of 

the filament is       . The wavelength corresponding to 

this temperature 

corresponds to the 

infrared region. The 

bulk of the radiation is emitted in this region. A tungsten filament 

lamp is useful for the wavelength region between     to 

       . The spectra for a tungsten bulb for different 

temperatures of the filament are shown in the figure. 

In the visible region, the energy output of the lamp approximately 

varies as the fourth power of operating voltage. As a result voltage 

regulators or feedback – controlled power supplies are employed to obtain a stable radiation source.   
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b. Tungsten – Halogen Lamps 

Tungsten – Halogen lamps, also called quartz – halogen 

lamps, contain a small quantity of iodine within the 

quartz envelope that houses the tungsten filament. 

Quartz allows the filament to be operated at a 

temperature of about       , which leads to higher 

intensities and extends the range of the lamp into the 

ultraviolet region. The iodine reacts with gaseous 

tungsten and forms volatile    . When molecules of this 

compound strike the filament, decomposition occurs and 

tungsten redeposits on the filament. The process of redeposition is shown in the adjoining figure. This 

increases the lifetime of the filament. 

The increased life, more efficiency and output in ultraviolet range along with infrared and visible 

range makes it a favourable source of light in many modern scientific instruments.  

 

c. Xenon Arc Lamps 

The xenon arc lamp produces intense radiation by the passage of 

current through an atmosphere of xenon. The schematic of a xenon arc 

lamp is shown in the figure. 

The spectrum is a 

continuum over the 

range between about 

    to        . The 

peak intensity occurs at 

about       . Higher 

intensities are obtained 

in some instruments by 

operating the lamp 

intermittently by regular 

discharges from a 

capacitor. The spectra of xenon arc lamp along with the spectra for other lamps operating in the same 

wavelength range is shown in the figure above. 

 

d. Deuterium and Hydrogen Lamps 

A continuum spectrum in the ultraviolet region can be produced by 

electrical excitation of deuterium or hydrogen at low pressures. When 

deuterium is given electrical energy     , it forms an excited molecular 

species    
  . This excited species dissociates to give two atomic species 

and an ultraviolet photon. The reaction is given as,  

        
           

The energetic for the overall process is represented as, 

                   

where,      is the fixed quantized energy of   
  and     and     are the 

kinetic energies of the two deuterium atoms. The sum of     and     

varies between      and     . This varies the energy and hence the frequency of the photon as well. 

This results in a true continuum spectrum from about        to the beginning of the visible region. 

Most modern lamps contain deuterium and are of low voltage ratings. The lamp is in the shape of an 

arc formed between a heated oxide – coated filament and a metal electrode. The heated filament 

provides electrons to maintain a direct current between the filament and the electrode. One such lamp 

is shown in the figure above. The aperture of the lamps constricts the discharge to a narrow path 
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resulting in a ball of radiation   to        in diameter. Deuterium gives a somewhat larger and 

brighter ball than hydrogen thus accounting for its widespread use. 

   

Both hydrogen and deuterium lamps produce outputs in the range of     to       . In the 

ultraviolet region             , a continuum spectrum exists. At longer wavelengths                 
         , the spectra is no longer continuous in nature but consists of emission lines and bands 

superimposed on a weak continuum thus rendering them useless for many applications in the visible 

region. The first figure shows the entire    spectrum. The second figure shows the continuum region 

of the    spectrum. This is the region where deuterium lamps are used for spectroscopy. 

Quartz windows need to be provided because glass absorbs strongly at wavelengths less than about 

      . This however increases the lower limit of the lamps to        as quartz absorb 

wavelengths below this limit. 

 

e. Light Emitting Diodes (LEDs) 
Light emitting diodes are used as sources in some absorption spectrometers. An LED is a PN – 

junction device that produces radiant energy (light) when forward biased. A few widely used diodes 

and their wavelength ranges are as given below, 

 

Gallium Aluminum Arsenide                      

Gallium Arsenic Phosphide                     

Gallium Phosphide                   

Gallium Nitride                   

Indium Gallium Nitride                     
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Mixtures of these compounds are used to shift the wavelength maximum to anywhere in the region of 

    to         or more. LEDs produce a spectral continuum over a narrow wavelength range. The 

typical      (Full Width at Half Maximum) of an LED is about    to      . As spectroscopic 

sources, LEDs can be used as semi – monochromatic sources or in conjunction with interference 

filters to further narrow down the spectral output. The LEDs can be operated in continuous or in 

pulsed mode. 

White LEDs can be produced when light from blue LED         strikes a phosphor. The light 

produced is having a continuum in the range of     to       . These lights are used as flashlights. 

 

The next two lamps are used for atomic absorption spectroscopy. 

f. Hollow – Cathode Lamps 

The most common source for atomic absorption measurements 

is the hollow – cathode lamp. It consists of a tungsten anode and 

a cylindrical cathode sealed in a glass tube filled with neon or 

argon at low pressures (as shown in figure). 

The cathode is 

constructed of the metal whose spectrum is desired. 

Ionization of the inert gas occurs when a potential difference 

of about       is applied. The electrons migrate to the 

electrodes due to this ionization. When the voltage becomes 

sufficiently large, the gaseous cations acquire enough kinetic 

energy to dislodge some of the metal atoms from the cathode 

surface and produce an atomic cloud in a process called 

sputtering. A portion of the sputtered metal atoms are in 

excited states and thus emit their characteristic radiation as 

they return to the ground state. The spectrum of lamps with 

cathode of aluminum and magnesium are shown in the figure. 

 

g. Electrodeless Discharge Lamps 

Electrodeless discharge lamps are useful sources of atomic line 

spectra and provide intensities usually one or two orders of 

magnitude greater than hollow – cathode lamps. It is 

constructed from a sealed quartz tube containing an inert gas 

such as argon at low pressures. It also contains a small quantity 

of a metal or its salt whose spectrum is of interest. One such 

lamp is shown in the figure. 

The lamp contains no electrode but instead is energized by an intense field of radio frequency or 

microwave radiation. Argon ionizes and the ions are accelerated by the high frequency component of 

the field until they gain sufficient energy to excite the atoms of the metal whose spectrum is sought. 

Their performance is not as reliable as that of the hollow – cathode lamp.   

 

Infrared spectrometry is a versatile tool which is applied to the qualitative and quantitative determination of 

molecular samples. It is used for absorption and reflection spectrometry for structural investigations of 

molecular compounds, particularly organic compounds of interest in biochemistry. The infrared region of the 

electromagnetic spectrum spreads from about      to        . The infrared spectrum is further subdivided 

into three regions viz. near infrared            , mid infrared          and far infrared     
1000   . Various light sources are used to produce infrared light. Few of them are, 
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a. Nernst Glower 

The Nernst glower is composed of rare oxides formed into a 

cylinder having a diameter of   to      and a length of   to     . 

Platinum leads are sealed to the ends of the cylinder for electrical 

connectivity. These leads act as the 

resistive heating element. The 

schematic of Nernst glower is 

shown in the adjoining figure. 

On being provided with electricity, 

the temperature increases to 

between      to       . The glower has a large negative 

temperature coefficient of electrical resistance i.e. the resistance 

decreases rapidly with increase in temperature. Hence, the glower needs to be heated externally to 

dull red before the current is large enough to maintain the desired temperature. The overall spectral 

output of the glower is that of a blackbody peaking in the infrared region.  
 

b. Globar 

A Globar is a silicon carbide       rod, about      in length and      in diameter. 

It is electrically heated to about      to       .  

Globar has a positive coefficient of resistance i.e the resistance increases with 

increase in temperature. Water cooling needs to be provided to the electrical contacts 

to prevent arcing (making stray electric arcs). 

Spectral energies of the Globar and the Nernst Glower are comparable except in the 

region below     , where the Globar has significantly greater output. 

 

c. Incandescent Wire Source 

A tightly wound nichrome wire heated to about        by an electric 

current is a good source of infrared radiation. The radiation produced is 

less intense than other sources but the wire sources are nearly 

maintenance free and requires no cooling. Devices such as process 

analyzers often use nichrome wires as radiation sources. 

A rhodium wire heater sealed in a ceramic cylinder has similar properties 

but it is more expensive and not used much. 

 

d. Mercury Arc Lamps 

A high – pressure mercury arc light is used to provide radiations in the far 

– infrared region. The device consists of a quartz – jacketed tube 

containing mercury vapour maintained at a pressure greater than      . 

The schematic of a mercury arc lamp is shown in the adjoining figure. 

Passage of electricity through the vapour forms an internal plasma source 

that provides continuum radiation in the far – infrared region.  
 

e. Tungsten Filament and Tungsten – Halogen Lamps 

A tungsten filament lamp (or tungsten – halogen lamp) is a convenient source for the near – infrared 

region of      to       . 

(The working has been described before) 
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f. Carbon Dioxide Laser 

A tunable carbon dioxide laser is used as an infrared source for monitoring the concentration of 

certain atmospheric pollutants and for determining the absorbing species in aqueous solutions. This 

laser produces a band of radiation in the range of    to      consisting of about 100 closely spaced 

lines. The radiant power of the laser is significantly greater than the blackbody sources. 

Even though the range of wavelengths is limited, the region fortunately is rich in absorption bands 

arising from the interactive stretching modes of carbon dioxide. Hence this laser is useful in 

quantitative determination of a number of important molecules viz. ammonia, butadiene, benzene, 

ethanol, nitrogen dioxide and trichloroethyne. 

The lasers are also widely used in remote sensing applications such as light detection and ranging 

(LIDAR). By the use of lidar we can determine distance, speed, rotation, chemical composition and 

concentration of remote targets. 

 

X – rays were discovered by Wilhelm Conrad Röntgen in the year 1895 during the course of some 

experiments involving the discharge tube. He found that a photographic film wrapped in black paper became 

exposed when placed near a cathode ray tube. He concluded that some kind of invisible radiation coming out 

of the cathode ray tube was responsible for this exposure. He named these rays as X – rays as the nature and 

properties of the rays could not be known at that time. 

Now it is known that X – rays are short – wavelength electromagnetic waves produced when an obstacle 

stops fast moving electrons. The wavelengths of these waves is about       to about    . X – rays earned 

Röntgen the very first Nobel prize in physics in the year 1901. 

 

The device used to produce X – rays is generally called an X – ray tube. Röntgen had used a gas filled tube 

to produce X – rays. However in such tubes, separate quality and intensity control of X – rays was not 

possible. Such tubes were also needed large voltages to run. To overcome these drawbacks modern vacuum 

tubes were invented by W D Coolidge in 1912. Such X – ray tubes are called as Coolidge X – ray tube. 

The figure shows schematic of a Coolidge X – ray tube. The tubes are completely evacuated and the pressure 

inside is less than                so that ionization is not possible although such a high potential exists in 

between the electrodes.  

Electrons are given out by the cathode. The cathode comprises of a tungsten filament   which gives out 

electrons due to thermionic emission. A resistance   regulates the current through the filament. This 

regulates the number of electrons in the electron beam and hence the intensity of the X – rays. The electron 

beam is focused on the target (anode)   with the help of a negatively charged cylinder  . 
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A high voltage   is applied between the filament   and the target   to accelerate the electrons. This field 

controls the speed of the electrons and hence the intensity of the X – ray beam. This accelerating voltage is in 

the range of          . The penetrating power of the X – rays increases with the increase in this voltage. 

The electrons are stopped by the target and in this process X – rays are produced and emitted. These X – rays 

are emitted out of the X – ray tube through a window made of thin mica or mylar. All other sides are heavily 

shielded with lead glass and sheets of lead. 

Only      of the energy of the cathode ray beam is converted into X – rays; the rest is dissipated as heat. 

Hence, the target used is made up of metals like tungsten, platinum or molybdenum which have high atomic 

numbers and high melting points. The metals are made in the form of a button and embedded in the face of a 

copper cylinder. This assembly is inclined at     to the axis of the electron beam. 

As the target is heated to a very high temperature, a cooling arrangement is necessary with air or water 

circulation. In the first case, the extreme ends of the copper rod have a number of disc radiators called fins 

which provide a large radiating surface to keep the temperature of the target low. In the latter case, a stream 

of cold water is made to circulate round the copper rod. 

 

When the X – rays produced are examined with a spectrometer and 

the Intensity vs wavelength plot is obtained, it is as shown in the 

figure. This curve is called the X – ray spectrum. 

Analysis of the curve shows that the X – rays are clearly divided 

into two categories. One portion of the spectrum consists of the X – 

rays emitted in all possible wavelengths having a minimum 

wavelength (cut – off wavelength,     ). This part of the spectrum 

is due to bremsstrahlung (braking radiation) and is known as 

Continuous X – ray. At certain sharply defined wavelengths, the intensity of X – rays is quite large. These 

are marked as    and    in the plot. These are due to electron jumps in the shells of the atoms of the target 

and are known as Characteristic X – ray.  

 

Continuous X – rays  
Continuous X – rays are produced due to a 

phenomenon known as               . 

Bremsstrahlung is a German word which means 

                  (bremsen: to brake, 

strahlung: radiation). These X – rays are 

produced due to slowing down of the electrons, 

emitted by the cathode ray tube, by the target. 

The accelerated electrons strike the target and penetrate deep into 

the atoms. The electrons lose their kinetic energy when they come 

in contact with the Coulomb field of the nuclei. The electrons either 

stop completely or deviate from their original path. The deviated 

electrons make several collisions before coming to rest. A part of 

this lost kinetic energy is converted into photons of electromagnetic 

radiation and the remaining part increases the kinetic energy of the 

colliding particle of the target. The energy received by the target 

goes into heating the target.  
The electromagnetic photons thus created are the Continuous X – 

rays and they have different energies. The energies range from a 

very small value to a maximum energy   . The maximum energy 

corresponds to an electron that loses all its energy in a single 

encounter. If    is the initial kinetic energy and    is the final 
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kinetic energy of the electron then the energy of the emitted X – ray photon is given as, 

   
  

 
       

The spectral distribution of continuous X – rays is shown in the figure. The important features of the 

continuous X – rays are as follows, 

i) At higher acceleration potentials, maximum intensity of the X – rays shifts toward lower 

wavelengths. 

ii) The emitted radiation has continuous spectral distribution. 

iii) For any potential, a sharply defined minimum wavelength      is present. This minimum 

wavelength is called as cut – off wavelength. 

 

Duane – Hunt Formula 
Duane and Hunt found experimentally the relationship between the cut – off wavelength      and the 

accelerating potential  . Quantum theory is used to find the relationship. The electrons are accelerated 

through a potential  . Hence the energy gained by the electrons is   . According to Planck’s hypothesis 

the energy of the X – ray photons is given as   , where   is the Planck’s constant and   is the frequency 

of the emitted X – rays. 

Let us consider the case where the electron loses all its energy during its collision with the nucleus. The 

X – ray photon thus produced will have maximum energy. Hence, we get 

         
Maximum frequency corresponds to minimum wavelength and the above equation thus becomes, 

  

    
    

     
  

  
 

Now, 

                 

            

              
Substituting the values of the constants, we get, 

     
         

 
  

     
     

 
  

This is the Duane – Hunt formula. 

 

Characteristic X – rays 
According to Bohr’s theory, electrons in an atom are 

organized into           shells. An atom radiates 

energy when an electron jumps from one allowed orbit to 

another allowed orbit. Normally, electron transitions are 

not possible between outermost orbits to the innermost 

orbits as the inner orbits are occupied. However, when a 

high energy electron knocks off an electron from the inner 

orbit, an electron from an outer orbit jumps to fill the 

vacancy in the inner orbit. Such a transition causes the 

emission of a high energy photon i.e. the X – ray photon. 

This gives rise to a spectrum consisting of a series of 

discrete lines. These lines are characteristic of the target 
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used and are hence called the Characteristic X – rays. This spectrum is also known as the line spectrum. 

Let us consider that the high energy electrons knock off an electron from the   – shell. This vacancy can 

be filled if an electron jumps from         shell. Each transition will be accompanied by a photon of 

different energy and hence different wavelength. The transition of electrons giving X – rays of 

wavelengths in the increasing order are,            . The group of lines formed due to these 

transitions are called the         . These lines correspond to the highest energy or lowest wavelengths 

of all X – ray transitions. The     lines are called    lines, 

    as    lines,     as    lines and so on. In a similar 

way,          are produced when vacancies in   – shell are 

filled by electrons from next higher shells. 

The important features of the characteristic X – rays are as 

follows, 

i) It consists of discrete spectral lines which constitute 

          series. 

ii)          are the most energetic and constitute the hard 

X – rays whereas              form the soft X – rays. 

iii) When the atomic number of the target is increased, there 

is a regular shift towards the shorter wavelength. 

iv) The spectrum is strikingly similar for all elements. 

v) The spectrum for an element remains the same irrespective of the compounds that the element 

forms. 

 

Moseley’s Law 
During the years 1913 – 14, Moseley made a systematic study of characteristic X – ray spectra of various 

elements. He found that different elements produce similar spectra. He measured the wavelengths of the 

characteristic X – rays of a large number of elements. He found a striking similarity in the spectral lines 

of each series. The spectrum emitted by each element was exactly similar but the lines had different 

wavelengths. He found that frequency of any particular line in a series varied regularly from one element 

to the next one in the periodic table. On plotting a graph between the square root of the frequency and the 

atomic number of the element, Moseley found that a straight line is obtained. Such a plot is known as the 

Moseley’s plot. Each series is governed by the mathematical relation, 

          
where,   is the frequency of the series,   is the atomic number of the 

target,   is the nuclear screening constant and   is another constant. For 

  – series, the value of     and for   – series, the value of      . 

The above equation is known as Moseley’s law. The law states that, 

The frequency of a spectral line in the characteristic X – ray spectrum 

varies directly as the square of the atomic number of the element 

emitting it. 

Moseley’s law can also be given as, 

 

 
         

 

  
  

 

  
   

where,                is the Rydberg’s constant and        are the principal quantum numbers 

of the energy levels between which the transition occurs. 

(Unfortunately Moseley was killed at the age of 27 during the First World War). 
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Importance of Moseley’s Law 
Moseley’s work established for the first time that the atomic number and not the atomic weight of an 

element determined its physical and chemical properties.  

Mendeleev had earlier arranged the periodic table according to the atomic weights of the elements. 

Moseley proposed that the elements in the periodic table needed to be arranged according to their atomic 

numbers. Moseley found out that if the wavelengths of    lines of various elements were arranged 

according to their atomic numbers, a regular progression was obtained. The sequence had some gaps in it 

and Moseley proposed that the gaps in the series were due to undiscovered elements. The elements 

Technetium (Atomic number 43), Promethium (61), Hafnium (72) and Rhenium (75) were later 

discovered. 

Moseley’s law also helped in correct order of a certain pair of elements. According to the arrangement 

with ascending order of atomic weights, Cobalt (At. Wt 58.94, At. No. 27) should be placed after Nickel 

(At. Wt 58.69, At. No. 28). Similarly, Argon (At. Wt 39.9, At. No. 18) should be placed after Potassium 

(At. Wt 39.1, At. No. 19) and Tellurium (At. Wt 127.61, At. No. 52) should be placed after Iodine (At. 

Wt 126.92, At. No. 53). However, Mendeleev observed that the above elements are to be placed in 

reverse order to preserve the periodicity of chemical and physical properties. The discrepancies are 

removed when Moseley’s law is used. 

 

i) X – rays are produced by the retardation of electric charges which predicts that they are 

electromagnetic waves. 

ii) They are unaffected by electric and magnetic fields. 

iii) They affect a photographic plate. 

iv) They can be reflected, refracted and diffracted. 

v) They can produce ionization of gases through which they pass and are also able to influence the 

electrical properties of solids and liquids. 

vi) They produce fluorescence and phosphorescence in many substances like platinocyanides and 

Cesium sulphide. 

vii) They can penetrate through many solid substances which are normally opaque to visible light. The 

penetrating power is different for different substances depending upon their density. 

viii) Photoelectric effect is observed due to impact of X – rays on a metal surface. The emitted 

photoelectrons have high velocities of the order of          to         . 

ix) They can damage and kill living cells and thus cause reddening of skin, produce deep – seated 

burns and unpredictable chemical changes. 

x) When X – rays fall upon a material, they produce secondary X – rays which are of two types, 

 

a) Scattered X – rays: For gases and other substances having low atomic numbers, the secondary 

rays are produced due to elastic scattering and hence the penetrating power and the wavelength 

of the secondary X – rays is same as the incident X – rays. Only the direction of the incident 

rays change. If there are free electrons in the substance, the impact of X – rays with them 

modifies the incident rays and the scattered rays have lesser energy. 

 

b) Characteristic X – rays: For the substances having higher atomic numbers, the secondary X – 

rays have less wavelength and penetrating power. The rays become more homogeneous and are 

grouped into several series known as         series. The penetrating power decreases as we 

move from   – series to   – series and onwards. Also, the   – series of higher atomic number 

elements is more penetrating than the   – series of lower atomic number. 
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X – rays have found numerous applications in various fields of our daily life; in industry, medicine and 

research on account of its characteristics viz. ionizing power, fluorescence, diffraction, penetrability, 

differential absorption and power to kill germs and diseased cells. 

a. Industrial Applications 
i) To detect hair cracks in the internal structure of a body, to detect the imperfections in moulds, 

forgings and foundry castings which cannot be otherwise examined internally. 

ii) To test gross structures, welds for homogeneity. X – ray photographs may reveal defects in the 

manufactured heavy steel plates used in bridge construction, to detect cracks and blowholes in 

metal plates, to detect flaws in the wings and fuselages of airplanes and parts of other fast moving 

machines. 

iii) To analyze the structure of alloys and other composite bodies by determining the crystal structure 

in an ingot with the help of diffraction. 

iv) To detect and photograph defects of internal structure of a body viz. machine parts intended for 

withstanding high pressures, cracks in wood, porcelain and other insulators, defects in diamonds 

and other precious stones. 

v) To examine the age of rocks and its infrastructure in geology. 

 

b. Medical Applications 

i) Radiography: For diagnosis purposes, X – rays are widely used to detect fractures, tumours, 

kidney stones, presence of foreign matter like bullets, diseased organs in the human body.  

The digestive tract can be made visible by mixing a harmless compound of a heavy element like 

bismuth with food. Some salts are injected or given orally to render certain regions of the body 

opaque to the rays and thus enabling photography of different organs. 

ii) Röntgen Therapy: The diseased tissues are more susceptible to destruction than the surrounding 

healthy issue. This fact is used to cure cancers, tumours, skin diseases and malignant sores by 

controlled exposure to X – rays. 

Long exposures of human body to hard X – rays results in the loss of white blood corpuscles, 

causes sterility and other genetic changes. 

iii) X – rays are also used for the identification of cells and tissues and for production of genetic 

mutations. 

 

c. Scientific Research 

X – rays serve as a very important tool for pure research like  

i) Investigation of structure of atom 

ii) The identification of chemical elements, determination of their atomic number, energy levels in 

the extra nuclear part of the atoms 

iii) The investigation of the structure of crystalline solids and alloys 

iv) Analyzing the structure of complex organic molecules examining X – ray diffraction patterns. 

 

When electromagnetic radiation interacts with matter, the following mechanisms occur 

a. Rayleigh Scattering 
When a photon interacts with atom, it may or may not impart some energy to it. The photon may be 

deflected with no energy transfer. This process is called Rayleigh scattering and is most probable for 

very low-energy photons. 

 

b. Compton Effect  
The Compton effect is usually the predominant type of interaction for medium energy photons 

              . In this process, the photon interacts with an atomic electron sufficiently to eject it 
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from orbit, the photon retains a portion of its original energy and continues moving in a new 

direction. Thus, the Compton effect has an absorption component and scattering component. The 

amount of energy lost by the photon can be related to the angle at which the scattered photon travels 

relative to the original direction of travel.  

The scattered photon will interact again, but since its energy has decreased, it becomes more probable 

that it will enter into a photoelectric or Rayleigh interaction. The free electron produced by the 

Compton process may be quite energetic and behave like a beta particle of similar energy, producing 

secondary ionization and excitation before coming to rest. 

 

c. Photoelectric Absorption 
The most probable fate of a photon having energy slightly higher than the binding energy of atomic 

electrons is photoelectric absorption. In this process, the photon transfers all of its energy to the 

electron and its own existence terminates. The electron will escape its orbit with a kinetic energy 

equal to the difference between the photon energy and its own binding energy. Photoelectric 

absorption is most important for photons below         if the absorbing medium is water or 

biological tissue. However, in high   (atomic mass number) materials such as lead, this process is 

relatively important for photons up to about      .  

As with ionization produced by any process, secondary radiation are initiated, in this case, by the 

photoelectron which may have sufficient energy to produce additional ionization and excitation of 

orbital electrons. Also, filling of the electron vacancy left by the photoelectron results in 

characteristic X-rays. 

 

d. Pair Production  
Photons with energy greater than          , under the influence of the electromagnetic field of a 

nucleus, may be converted into electron and positron. At least           of photons energy are 

required for pair production, because the energy equivalent of the rest mass of the electron and 

positron is          each. Pair production is not very probable, however, until the photon energy 

exceeds about      . The available kinetic energy to be shared by the electron and the positron is 

the photon energy minus         , or that energy needed to create the pair. The probability of pair 

production increases with   of the absorber and with the photon energy.  

 

Spectroscopic Significance 
Spectroscopists use the interaction of radiation with matter to obtain information about a sample. The 

analyte is predominantly in its ground state. On being applied the stimulus, some of the analyte species 

undergoes a transition to a higher energy or excited state. The information about the analyte now can be 

acquired by, 

i) measuring the electromagnetic radiation emitted as the analyte returns to the ground state. 

ii) measuring the amount of electromagnetic radiation absorbed or scattered as a result of excitation. 

We can have the following spectroscopic methods due to the interaction of radiation with matter, 

i) Emission Spectroscopy: Analyte is stimulated by heat or electrical energy and the radiant power, 

as the analyte returns to ground state, is measured. The results of such measurements are often 

expressed graphically by a spectrum. A spectrum is a plot of the emitted radiation as a function of 

frequency or wavelength. 

ii) Chemiluminescence Spectroscopy: The mechanism is same as emission spectroscopy but the 

stimulus is a chemical reaction. 

iii) Absorption Spectroscopy: The analyte absorbs a quantum of energy provided to it. The amount of 

light absorbed is measured as a function of wavelength. 

iv) Photoluminescence Spectroscopy: The analyte emits photons after absorbing energy. This 

emission of photons is measured. The two types are fluorescence and phosphorescence 

spectroscopy. 
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v) Elastic Scattering: In elastic scattering, the wavelength of the scattered radiation is the same as 

the source radiation. This method helps in nephelometry and particle sizing. 

vi) Inelastic Scattering: In inelastic scattering, the wavelength of the scattered radiation is not same 

as the source radiation. In Raman spectroscopy, this scattering produces a vibrational spectrum of 

molecules and the intensity of the scattered radiation is recorded as a function of the frequency 

shift of the incident radiation. 

 

All this can be summarized as follows, 

Type of Energy Transfer Region of EM Spectrum Spectroscopic Technique 

Absorption   – rays Mossbauer 

 X – rays  X – ray Absorption 

 UV – Visible UV – Visible  

  Atomic Absorption 

 Infrared Infrared 

  Raman 

 Microwaves Microwave 

  Electron Spin Resonance (ESR) 

 Radio waves Nuclear Magnetic Resonance (NMR) 

Emission UV – Visible Atomic Emission 

Photoluminescence X – rays X – ray fluorescence 

 UV – Visible Fluorescence 

  Phosphorescence 

  Atomic Fluorescence 

 

Type of Interaction Region of EM Spectrum Spectroscopic Technique 

Diffraction X – rays  X – ray diffraction 

Refraction UV – Visible Refractometry 

Scattering UV – Visible Nephelometry 

  Turbidimetry 

Dispersion UV – Visible Optical Rotary Dispersion 

 

Reflection of Radiation 
When radiation crosses an interface between media that differ in refractive indices, reflection always 

occurs. The fraction of reflected radiation becomes greater with increasing differences in refractive 

indices. For a beam entering an interface at right angles, the reflected fraction is given as, 

  
  
 
       

 

        
 

where,    is the intensity of the incident beam,    is the intensity of the reflected beam,    and    are the 

refractive indices of the two media. 

 

Absorption and Transmission of Radiation 
Much of the radiation that is incident on a material is transmitted without loss of intensity. But at selected 

wavelengths, radiation intensity is attenuated. This attenuation in which these certain wavelengths are 

removed is called absorption. This happens due to transfer of electromagnetic energy to atoms, ions or 

molecules composing the material. The general requirements for absorption of electromagnetic radiation 

are, 

i) There is an interaction between the electromagnetic radiation and the material. 

For UV – Visible, the interaction is with electronic energy of the valence electrons. 

For infrared, the vibrational energy of the chemical bonds is altered. 
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ii) The energy of the electromagnetic radiation must exactly correspond to the energy of transition in 

the material i.e. the difference in energy between the material’s quantized energy states. 

If there are no quantized energy levels matching the quantum energy of radiation, the material 

will appear transparent to the given radiation. 

 

The absorption is different for atoms and molecules. We can define both absorptions as, 

i) Atomic Absorption: The passage of radiation through a medium that consists of monoatomic particles 

results the absorption of a few well – defined wavelengths. Such spectra are very simple due to the 

small number of possible energy states for the absorbing particles. 

Ultraviolet and visible radiation has enough energy to cause transitions of the outermost electrons 

only. X – rays on the other hand have energies that allows them to interact with innermost electrons. 

ii) Molecular Absorption: Absorption spectra for polyatomic molecules are considerably more complex 

than atomic spectra because the number of energy states of molecules is generally enormous when 

compared with the number of energy states for isolated atoms. The energy E of a molecule is made 

up of three components, 

                                               

where,             is the energy due to the energy states of the bonding electrons, 

             is the energy due to interatomic vibrations, 

            is the energy due to the various rotational motions within the molecule. 

 

Atomic absorption spectra consist of a series of sharp, well defined lines. Molecular spectra in ultraviolet 

and visible region encompass a substantial wavelength range. In the infrared region, the molecular 

spectra exhibits narrow, closely spaced absorption peaks due to vibration and in the microwave region 

the peaks are due to rotation. 

 

The various interactions of radiation with matter are illustrated in the following figure, 

 
 
Absorbance and Transmittance 
Quantitative absorption methods require two power measurements, one before a beam has passed 

through the medium that contains the analyte      and the other after the sample    . Two terms, which 

are widely used in absorption spectrometry and are related to the ratio of      and  , are transmittance 

and absorbance. 
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Transmittance: The transmittance T of the medium is the fraction of incident radiation transmitted by 

the medium.  

                              
where,    is the incident power of the beam and   is the power of the beam after absorbed by the 

sample. 

 Transmittance is often expressed as a percentage, 

                                          
 

Absorbance: The absorbance A of a medium is defined by the equation, 

                            
                        

 

Fluorescence and Phosphorescence 
Fluorescence and phosphorescence occurs in simple as well as in complex gaseous, liquid and solid 

chemical systems. The atoms are excited from ground state to an excited from where they return to the 

ground state by emitting radiation. 

Pauli exclusion principle states that no two electrons in an atom can have the same set of 

four quantum numbers. Thus no more than two electrons can occupy an orbital and both 

are required to have opposed spin states. The spins in this condition are said to be paired. 

A molecular electronic state in which all electrons are paired is called a singlet state. 

When such a molecule is subjected to a magnetic field, the electronic energy levels do not 

split. When one of a pair of electrons of a molecule is excited to a higher energy level, 

singlet or a triplet state is formed. The excitation is governed by the selection rule, 

    , where   is the spin multiplicity.  

Let the up – spin of an electron be denoted as  
 

 
 and down – spin be denoted by  

 

 
. 

Then, 

i) If the excited electron is still paired with the ground state electron, then the 

selection rule gives us, 

         
 

 
    

 

 
       

This state is known as singlet state. 

ii) If the excited electron is not paired with the ground state electron, then the 

selection rule gives us, 

         
 

 
   

 

 
       

This state is known as triplet state. 

A singlet – triplet transition (or reverse) involves a change in the electronic state and is a significantly 

less probable event than the singlet – singlet transition. As a result, the average lifetime of an excited 

triplet state may range from      to several seconds while the average lifetime of an excited singlet state 

is about      seconds. Radiation induced excitation of a ground state molecule to an excited triplet state 

has a low probability of occurring and the absorption bands are several orders of magnitude less intense 

than the analogous singlet – singlet absorption. 

The energy level diagram for a typical photo luminescent molecule, called as the Jablonski diagram, is 

shown in the figure. The lowest heavy horizontal line represents the ground state energy of the molecule. 

It is normally a singlet state and is represented as   . At room temperature most of the atoms are in this 

state. The upper heavy lines represent three different excited electronic states. The two lines on the left 

represent the first      and second      electronic singlet states. The line on the right represents a triplet 

     electronic state. The energy of the first excited triplet state is lower than the energy of the 

corresponding singlet state. Numerous vibrational levels are associated with the electronic states and are 
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represented by lighter lines. A direct transition from ground state to triplet state is having a very low 

probability of occurrence and hence is called as forbidden transition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The rate of photon absorption is very rapid and takes about       to       seconds. An excited molecule 

can return to its ground state by a combination of several steps. These are, 

i) Vibrational Relaxation: A molecule may be excited to any of the several vibrational levels. 

Collisions between molecules of the excited species and those of the solvent lead to rapid energy 

transfer with miniscule increase in temperature of the solvent. The vibrationally excited molecule 

has an average lifetime of       seconds or less. This time is significantly lesser than the average 

lifetime of an electronically excited state. This process is normally non – radiational. 

ii) Internal Conversion: It is an intermolecular process in which a molecule passes to a lower energy 

electronic state without emission of radiation. It is a crossover between two states of the same 

multiplicity i.e singlet – singlet or triplet – triplet. It is particularly efficient when two electronic 

levels are sufficiently close for an overlap in vibrational energy levels. This can also happen 

between an excited singlet state and the ground state. 

iii) External Conversion: It is the interaction and energy transfer between excited molecule and the 

solvent or other solutes. It is also a radiation less process. 

iv) Intersystem Crossing: It is the crossover between electronic states of different multiplicity. The 

most common transition is from a singlet to a triplet state. The probability of transition increases 

if vibrational levels of the two states overlap. This radiation less transition is most common in 

molecules having heavy atoms like iodine or bromine. 

v) Fluorescence: When the molecule deactivates from a excited singlet state (say   ), radiation is 

emitted. This radiation occurs in      to       seconds. This emission of radiation is known as 

fluorescence. 

vi) Phosphorescence: When the molecule deactivates from a triplet state to the ground state, radiation 

is emitted in about      to few seconds. Emission from such a transition may persist for some 

time after irradiation has ceased. This emission of radiation is known as phosphorescence. 
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a. Microwave Spectra  
i) Determination of abundance of isotope. 

ii) Determination of bond length. 

iii) Determination of structure of molecule. 

 

b. Infrared Spectra  
i) Detection of functional groups of organic compounds. 

ii) Conformational studies. 

iii) Determination of geometry of molecule. 

c. Visible Spectra  
i) Determination of geometry of molecule. 

ii) Study of isomers. 

iii) Study of degree of hydrolysis. 

iv) Constitution of organic compounds. 

 

d. UV – Visible Spectra  
i) Qualitative analysis. 

ii) Identification of unknown compounds. 

iii) Extent of conjugation and identification of configuration of geometrical isomers. 

 

e. Radiofrequency spectra 
i) Identification of structural isomers. 

ii) Detection of hydrogen bonding, aromaticity, bond character etc. 

iii) Structural diagnoses. 

 

f. ESR spectra 
i) Structural determination. 

ii) Study of reaction velocities and mechanism. 

 

1) Engineering Physics – Dattu R Joshi 

2) A Textbook of Engineering Physics – Avadhanalu, Kshirsagar 

3) Concepts of Physics Part 2 – H. C. Verma 

4) Fundamentals of Physics – Halliday, Resnick, Walker 

5) Physics Problems for West Bengal Joint Entrance Examination 

6) www.hyperphysics.phy-astr.gsu.edu 

7) www.google.com 
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Solve 
1) The shortest wavelength of the X – ray spectrum given out by a X – ray tube is    . What is the 

potential difference applied to the tube?       (Ans:         ) 

2) Calculate the maximum frequency of an X – ray tube operating at      . (Ans:            ) 

3) An X – ray tube operates at      . Find the maximum speed of electrons striking the anode.        

(Ans:             ) 

4) For a given X – ray tube, if the potential difference applied across the tube is       and the current 

through the tube is     . Calculate the number of electrons striking the target per second and the 

speed at which they strike it. (Ans:                                 ) 

5) Find the nuclear screening constant for the L – series of X – rays if it is known that X – rays with a 

wavelength of        is emitted when an electron in a tungsten atom        is targeted from the M 

– level to L – level.                   (Ans:     ) 

6) The spacing between principal planes of      crystals is       . It is found that the first order Bragg 

reflection occurs at an angle of    . Calculate the wavelength of X – rays.   (Ans:       ) 

7) Consider that a monochromatic X – ray of       is incident on a crystal face having an interplanar 

spacing of      . Calculate the various orders in which Bragg’s reflections take place. 

(Ans:                              ) 

8) An X – ray tube operates at      . A particular electron loses    of its kinetic energy to emit an X – 

ray photon at the first collision. Find the wavelength corresponding to this photon. (Ans:        ) 

9)    rays of wavelength       are produced for Molybdenum        and of          for Cobalt 

      . Find the values of constants   and  . (Ans:               ) 

10) The    X – ray of Molybdenum has wavelength      . If the energy of a Molybdenum atom with a 

  electron knocked out is          , what will be the energy of this atom when an   electron is 

knocked out? (Ans:         ) 

11) Find the energy, the frequency and the momentum of an X – ray photon of wavelength       . 

(Ans:                                          ) 

12) Iron emits    rays of energy         and Calcium emits rays of energy         . Calculate the times 

taken by an Iron    photon and a Calcium    photon to cross a distance of     . (Ans:      ,      ) 

(This one is just for fun) 

13) A free atom of iron emits    X – rays of energy        . Calculate the recoil kinetic energy of the 

atom. Mass of an Iron atom is             .  (Ans:            ) 

(This one is also for fun) 

14) The    and    X – rays of Molybdenum have wavelengths        and        respectively. Find the 

wavelength of    X – ray of the material.  (Ans:       ) 

15) The wavelengths of    and    X – rays of a material are         and        respectively. Find the 

wavelength of    X – ray of the material.  (Ans: 18.5 pm) 


