
                      12  -  DUAL  NATURE  OF  RADI ATION  AND  MATTER                       Page  1 

 

 
12.1  Birth  of  Modern  Physics  
 
By  1880,  most  physicists  thought  that  importa nt  laws  in  physics  were  already  discovered  a nd  
all  that  remained  was  their  refined  applicati ons.  During  1890  to  1920,  new  phenomena  were   
discovered  which  could  not  be  explained  by  N ewtonian  mechanics,  thermodynamics  and  
Maxwell’s  theory  of  electromagnetism.  Submicros copic  discoveries  made  could  not  be  
explained  by  classical  physics.  This  led  to  the  development  of  new  discipline  in  physics   
known  as  Quantum  mechanics. 
 
The  Discovery  of  an  electron  
 
The  electron  was  discovered  during  experiments   on  passing  electric  current  through  gases  i n  
the  discharge  tube.  Highly  evacuated  discharge   tube  becomes  dark  and  a  diffused  spot  is  
observed  on  the  screen  in  front  of  the  cath ode.  It  indicated  emission  of  invisible  rays  from  
the  cathode  which  were  named  cathode  rays. 
 
In  1895,  Jean  Perin  observed  that  under  the  influence  of  an  electric  field,  the  diffused   spot  
on  the  screen  shifted  in  the  direction  oppos ite  to  the  field  indicating  that  the  cathode   rays  
are  the  stream  of  negatively  charged  particle s.  As  the  charge  can  be  possessed  by  mass,  it  
was  concluded  that  the  cathode  rays  must  pos sess  mass.  It  also  indicated  that  these  char ged  
particles  existed  as  discrete  entity.  In  1874 ,  G.  Jhonstone  Stoney  experimentally  demonstra ted  
the  existence  of  such  charged  particles.  In  1891,  he  named  this  particle  as  ‘electron’. 
 
J. J. Thomson  conducted  experiments  of  passing  charge  through  the  discharge  tubes  filled  
with  gases  at  low  pressure.  On  reducing  the  pressure  of  gas  in  the  discharge  tube,  Fara day  
dark  space  and  Crookes  dark  space  were  obser ved.  Hertz,  who  experimentally  proved  the  
existence  of  electromagnetic  rays  believed  tha t  electromagnetic  rays  are  produced  from  
cathode.  Julius  Plucker  discovered  that  magnet ic  field  affects  the  cathode  rays.  Thomson  
showed  that  the  cathode  rays  in  Hertz  experi ment  were  affected  by  electric  field.  This  s howed  
that  the  cathode  rays  cannot  be  electromagnet ic  rays. 
 
J. J. Thomson  experimentally  determined  the  rat io  of  charge  to  mass  of  an  electron  and  fo und  
it  to  be   1.8  ××××  1011  C / / / / kg.  Earlier,  the  ratio  of  charge  to  mass  wa s  determined  for  different  
ions  with  the  experiments  of  electrolysis.  Th is  ratio  for  hydrogen  ion  was   9.6  ××××  107  C / / / / kg.  

Hence,  Thomson  concluded  that  the  mass  of  el ectron  should  be  10 ----    3  to  10 ----    4  times  the  mass  
of  hydrogen  ion.  Thomson  called  these  particl es  ( electrons )  as  primordial  particles. 
 
In  1909,  Millikan  estimated  the  charge  of  el ectron  with  the  help  of  a  series  of  his  fa mous  ‘oil  

drop’  experiments  as   - 1.602  ××××  10----    19  C.  Combining  the  results  of  Thomson  and  Mi llikan,  mass  
of  the  electron  was  known.  As  the  atom  as  a  whole  was  known  to  be  electrically  neutral ,  
scientists  concluded  that  it  must  have  some  particles  carrying  positive  charge  of  the  sam e  
amount  as  that  of  negative  charge  of  electro ns. 
 
Discovery  of  X - rays  
 
In  1885,  Wilhem  Rontgen  while  studying  the  c haracteristics  of  cathode  rays  accidentally  
discovered  X-rays.  He  also  determined  the  pro perties  of  X-rays  and  got  a  Nobel  prize  in  1901  
for  this  discovery.  Later  scientists  studied  the  diffraction  of  X-rays  by  crystals  and  Br agg  
obtained  the  spectrum  of  X-ray  by  making  ele ctrons  collide  with  solid  substances. 
 
In  1896,  Becquerel  studied  the  type  of  the  visible  light  emitted  by  different  substances  when  
X-rays  are  incident  on  them.  He  also  observe d  that  invisible  radiations  affecting  photogra phic  
plates  were  emitted  by  the  atoms  of  uranium.   In  1898,  Madam  Curie  also  did  similar  
experiments  with  some  other  compounds.  Such  r adiations  were  named  radioactive  radiations  
and  the  phenomenon  was  called  radioactivity  b y  her. 
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In  1908,  Rutherford  measured  the  number  of  αααα-particles  emitted  by  one  gram  of  Radium  and   
their  total  charge  and  concluded  that  the  ch arge  of   αααα-particle  is  twice  that  of  the  ββββ-particle. 
 
Black  body  Radiation:  
 
In  1897,  Lummer  and  Pringsheim  measured  the  
intensities  of  different  wavelengths  of  radiat ions  
emitted  by  black  body  using  Bolometer  ( a  de vice 
made  from  thermocouple )  and  plotted  them  as  
shown  in  the  graph. 
 

Wien  derived  the  equation   E λλλλ   =  
5

a

λλλλ
 e ---- b / / / / ( λλλλt )  for  

the  energy  density  at  wavelength  λ  λ  λ  λ  at  time  t,  a  
being  the  proportionality  constant.  This  equat ion  is  
found  to  be  valid  for  small  wavelengths  but  fails  
for  the  longer  wavelengths. 
 

Rayleigh  and  Jeans  gave  the  equation  E λλλλ  =  
4444λλλλ

ππππkT8
 

which  is  valid  for  longer  wavelengths  but  no t  the  
smaller. 
 

Here,  ∫∫∫∫
∞∞∞∞

4444λλλλ

ππππ

0

kT8
   =   ∞∞∞∞.   This  shows  that  the  total  

energy  of  radiation  is  infinite  which  is  abs urd.  This  is  known  as  ultraviolet  catastrophe . 
 
Thus,  all  above  attempts  based  on  thermodynam ics  and  electromagnetic  theories  failed  to  
explain  the  energy  distribution  curves  of  bla ck  body  radiation. 
 
Finally,  in  1900  A.D.,  Max  Planck  explained  these  experimental  results. 
 
Planck’s  hypothesis:  
 
Planck  suggested  that  the  walls  of  cavity  em itting  radiations  are  made  of  electric  dipole s.  
According  to  their  temperatures,  different  dip oles  oscillate  with  different  frequencies  and  emit  
radiations  of  frequencies  same  as  the  frequen cies  of  their  oscillations. 
 
According  to  classical  physics,  an  oscillator  may  possess  any  amount  of  energy  in  a  
continuously  varying  energy.  But  Planck  hypoth esized  that  the  oscillator  can  possess  only  
such  discrete  values  of  energies  depending  on   its  frequency  as  given  by  the  equation 

En   =   nhf,  where  n  =  1, 2, 3,   …   and  h  =  6.625  ××××  10----    34  Js  is  Planck’s  universal  constant. 
 
Thus,  the  energy  of  radiation  of  frequency  f   may  be  considered  to  be  made  up  of  many  
quanta  of  energy  hf  and  a  radiation  may  be  made  of  quanta  of  different  frequencies.  The   
quantum  of  radiation  energy  is  called  ‘photon ’. 
 
The  radiation  of  different  frequencies  is  the   collection  of  photons  of  various  frequencies .  If  an  
oscillator  possesses  energy  3hf,  it  may  be  c onsidered  equivalent  to  a  collection  of  3  ph otons. 
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Based  on  his  hypothesis,  Planck  derived  the  equation  of  spectral  emissive  power  of  a  per fect  
black  body: 
 

Wf   =   
1  

kT
hf

 exp

f
 . 

c

h2

  -

3

2









ππππ
,       ( This  equation  is  only  for  informatio n. ) 

 
where    c   =    velocity  of  light  in  vacuum, 
 
              T   =   absolute  temperature  of  a  perfect  black  body, 
 
              k   =   Boltzmann’s  constant 
 
Energy  distribution  curves  could  be  explained  satisfactorily  by  the  above  equation.  Even  
Stefan-Boltzmann’s  law  can  be  derived  from  th is  equation. 
 
Progress  of  Quantum  Theory:  
 
i )       In  1905,  Einstein  explained  the  phot oelectric  theory  using  Planck’s  Quantum  Theory . 
 
ii )      After  the  discovery  of  an  electron,  radioactivity  in  which  αααα -  and  β β β β - particles  and  γ γ γ γ - rays  

are  emitted  was  discovered.  From  the  knowledg e  that  the  atom  is  neutral,  it  was  
concluded  that  the  positive  and  negative  char ges  in  an  atom  must  be  in  equal  amount. 

 
iii )   Thomson  and  then  Rutherford  gave  the  model  of  an  atom.  Later,  In  1913,  Bohr   

introduced  quantum  theory  to  explain  the  stru cture  of  the  atom. 
 
iv )     Frank  and  Hertz  provided  experimental  support  to  Bohr’s  theory. 
 
v )      In  1916,  Einstein  proposed  that  the  photon  also  possesses  quantized  momentum. 
 
vi )     In  1923,  Compton  gave  an  experimental   support  to  the  photon  theory  by  attributing   the  

properties  of  a  particle  to  a  photon. 
 
vii )    In  1923,  De-Broglie  hypothesized  wave  nature  of  material  particles. 
 
viii )   In  1927,  Davisson  and  Germer  gave  ex perimental  proof  of  De  Broglie’s  matter  waves . 
 
ix )     Heisenberg  gave  uncertainty  principle  and  Schrodinger  established  a  differential  equ ation  

to  understand  the  behaviour  of  matter  particl es  and  within  six  months  solved  some  
problems  regarding  them. 

 
x )      Max  Born  and  Dirac  also  contributed  in  the  development  of  quantum  mechanics. 
 
xi )    The  relativistic  quantum  mechanics  was  also  developed.  Einstein’s  theory  of  relativi ty  

also  played  a  useful  role  in  the  development   of  the  modern  physics. 
 
12.2  Emission  of  Electrons  
 
Metals  have  free  electrons  ( valence  electrons  ).  To  be  freed  from  the  metal,  they  need  some  
minimum  energy,  called  work  function  of  the  metal.  Its  unit  is  electron  volt  ( eV ). 
 
The  work  function  of  a  metal  depends  upon  t he  type  of  the  metal  and  its  temperature.  T o  
free  them,  energy  may  be  supplied  by  any  on e  of  the  following  methods. 
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( 1 )   Thermionic  Emission:  
 
          When  current  is  passed  through  a  fi lament  so  that  it  gets  heated  sufficiently,  free   

electrons  from  the  metal  of  the  filament  get   emitted.  Such  emission  occurs  in  diode,  
triode  and  TV  tube  ( Cathode  ray  tube ). 

 
( 2 )    Field  Emission:  
 
           When  a  metal  is  subjected  to  stron g  electric  fields  of  the  order  of  10 8  V / / / / m,  electrons   

get  emitted  from  the  metal. 
 
( 3 )    Photoelectric  Emission:  
 
          When  electromagnetic  radiation  of  suf ficiently  high  frequency  is  incident  on  a  cl ean  

metal  surface,  free  electrons  are  emitted  fro m  the  surface.  This  method  is  called  
photoelectric  emission  and  the  electrons  so  e mitted  are  called  the  photo  electrons. 

 
12.3  Photoelectric  Effect  
 
In  1887,  Hertz  discovered  photoelectric  effect   while  studying  emission  of  electromagnetic  
waves  by  spark  discharge.  He  observed  that  i f  cathode  is  irradiated  with  ultraviolet  radi ations,  
spark  of  high  voltage  passes  through  the  gap   between  the  electrodes. 
 
In  1888,  Hallwachs  further   developed  this  id ea.  He  observed  that  when  negatively  charged  
zinc  plate  with  an  electroscope  is  irradiated    with  ultraviolet  light,  negative  charge  on  the  
plate  decreased.  If  neutral  plate  was   used,  it  became  positive  and  a  positive  plate  mor e  
positive.  He  concluded  that  under  the  effect  of  ultraviolet  light,  negatively  charged  part icles  
are  emitted  and  called  them  photo  electrons.   
 
The  figure  shows  evacuated  photo  tube  contain ing  photo   
sensitive  surface  S  which  is kept  at  a  negat ive  potential  with  
respect  to  collector  C.  When  light  of  suffic iently  high  frequency  is  
made  incident  on  S,  it  emits  photo  electrons   which  are  
accelerated  towards  the  collector  and  current  of  an  order  of  micro  
ampere  flows  through  the  circuit. 
 
For  emission  of  photo  electrons,  the  frequenc y  of  the  incident  
light  should  be  more  than  some  minimum  calle d  threshold  
frequency  ( f 0 )  whose  value  depends  on  the  type  of  the  m etal.  
For  most  of  the  metals,  threshold  frequency  lies  in  ultraviolet  
band  of  electromagnetic  spectrum.  For  example,   the  threshold  
frequencies  of  zinc,  cadmium,  magnesium  lie  i n  the  ultraviolet  
region  while  those  of  alkali  metals  like  lit hium,  sodium,  potassium,  
rubidium,  calcium  lie  in the  visible  region. 
 
12.3  ( a )  Experimental  Study  of  the  
photoelectric  effect  and  its  results:  
 
The  experimental  arrangement  to  study  the  
photoelectric  effect  is  shown  in  the  figure.  The  
ultraviolet  rays  entering  quartz  window  are  
incident  on  the  photo-sensitive  surface  S,  
known  as  cathode.  Collector  C  is  kept  at  
different  positive  or  negative  voltage  with  
respect  to  S. 
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The  photoelectric  effect  can be  studied  with  reference  to  the  frequency  and  intensity  of  the  
incident  light,   number  of  photoelectrons  emit ted and  their  maximum  energy. 
 
When  proper  positive  potential  is  applied  to  collector  C,  all  the  photoelectrons  are  attr acted  
towards  it  and  the  maximum  current  recorded  by  the  micro-ammeter  gives  an  idea  of  the  
number  of  photo  electrons. 
 
When  negative  potential  is  applied  to  the  co llector,  only  such  electrons  which  have  suffi cient  
energy  to  overcome  the  negative  potential  may   reach  the  collector.  On  making  collector  mo re  
negative,  photoelectric  current  decreases  and  becomes  zero  at  or  lower  than  some  specific 
negative  potential.  This  minimum  negative  pote ntial  of  the  collector  with  respect  to  the  photo-
sensitive  surface  at  which  photoelectric  curre nt  becomes  zero  is  called  stopping  potential.  
 
According  to  the  definition  of  stopping  poten tial,  electron  on  the  surface  of  the  photose nsitive   
surface  having  maximum  velocity,  v max  ,  just  reaches   the  collector  plate  overcomi ng  stopping  
potential  V 0.  In  the  process,  the  work   eV 0   done  by  it  is  at  the  cost  of  its  kineti c  energy,   
( 1 / / / / 2 ) m v 2

max  . 
 

∴∴∴∴     maxv m 
2
1 2    =   e V0 

 
The  graphs  of  photoelectric  
current  versus  the  potential of  
collector  with  respect  to the  
emitter  for  different  intensities   
and  frequencies  of  incident  light  
are  shown  in  the  figure. 
 
It  can  be  seen  from  the  figure  
that  for  a  given  intensity,  
stopping  potential  depends  on  frequency  and  i s  thus  independent  of  intensity  of  light.  Al so,  
for  a  given  frequency,  maximum  saturation  cur rent  depends  on  the  intensity  of  light  and  is  
thus  independent  of  its  frequency. 
 
( 1 )    The  maximum  energy  of  photo-electron  

depends  on  the  frequency  of  incident  light  
and  not  on  its  intensity. 

 
( 2 )    The  number  of  photo-electrons  increase s  

with  increase  in  intensity  of  incident  light.  
 
( 3 )    The  phenomenon  of  photo-emission  is  

instantaneous.  Within  10 ----    9  s,  after  light  is  
incident,   photo-electrons  are  emitted.  

 
The  graph  of  stopping  potential  versus  freque ncy  
is  shown  in  the  figure.  This  graph  is  linea r. 
 
12.3  ( b )  Photoelectric  Effect  and  Wave  Theo ry  of  Light:  
 
Wave  theory  fails  to  explain  the  characterist ics  of  photoelectric  effect.   
 
( 1 )    According  to  the  wave  theory,  energy  and  intensity  of  light  wave  depend  on  its  

amplitude.  Hence  energy  of  photo-electrons  sho uld  increase  with  intensity  of  light.  But  
experimental  results  indicate  that  the  energy  of  photo-electrons  does  not  depend  upon   
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          the  intensity  of  light. 
 
( 2 )    According  to  the  wave  theory,  energy  of  light  has  no  relation  with  its  frequency .  Hence,  

change  in  energy  of  photo-electrons  with  the  change  in  frequency  cannot  be  explained. 
 
( 3 )    Photo-electrons  are  emitted  spontaneous ly.  This  cannot  be  explained  by  wave  theory.   

Free  electron  in  a  metal  is  emitted  only  wh en  it  gets  certain  minimum  energy  called  
“work  function”  ( φ φ φ φ )  of  the  metal.  If  the  light  has  wave  natu re,  free  electron  in  metal  
may  get  energy  gradually  and  some  time  elaps es  before  it  gets  energy  equal  to  its  
work  function  and  gets  emitted.  This  is  in  contradiction  to  the  spontaneous  emission. 

 
( 4 )    With  less  intense  light,  the  emission   of  electrons  will  be  slower  as  per  the  wa ve   

theory.  But  with  light  of  sufficiently  high  frequency,  emission  of  photo-electrons  is  
immediate  even  if  its  intensity  is  low.   

 
 
12.3  ( c )  Einstein’s  Explanation:  
 
In  1905,  Einstein  explained  photo-electric  eff ect  using  Planck’s  hypothesis. 
 
Planck  had  assumed  that  the  emission  of  radi ant  energy  occurs  as  photons,   but  after  
emission  it  transmits  as   a  wave.  Einstein  a ssumed  that  emission,  transmission  and  
absorption  of  light  take  place  in  the  form  of  photons. 
 
According  to  Einstein,  when  light  in  the  for m  of  photon  is  incident  on  a  metal,  it  is  totally  
absorbed  or  does  not  lose  its  energy  at  all .  The  electron  which  receives   hf   amount  of   
energy  of  photon  spends  energy  equal  to  its  binding  energy  and  gets  immediately  emitted  
with  the  remaining  energy. 
 

Thus,   eV 0   =   maxv m 
2
1 2    =   hf   -   φφφφ   =   hf   -   hf0          

 

∴∴∴∴          V0   =   ) f  f ( 
e
h

0  -






  

 
According  to  this  equation,  the  graph  of   V 0   versus   f   ( as  shown  on  the  previous  pag e )  is  
a  straight  line  with  slope   h / / / / e   and  intercept  on  X-axis,  f 0.  Thus,  experimental  plot  of  the  
graph  of   ‘V 0   versus   f’   could  be  satisfactorily  explain ed  by  Einstein   for  which  Einstein  got  a  
Nobel  prize. 
 
The  intensity  of  light  incident  on  the  metal   surface  is  the  amount  of  light  energy  inci dent  per  
second  per  unit  area  normal  to  the  surface.  According  to  the  photon  theory  of  light,  in tensity  
of  light 
 
Ι   Ι   Ι   Ι   =   nhf,     where,     n   =   number  of  photons   incident  per  second  per  unit  area  and 
                                     hf   =    ener gy  of  photon  of  light  of  frequency  f. 
 
Thus,  according  to  the  photon  theory,  more  t he  intensity  of  light,  more  is  the  number  o f  
photons  incident  per  second.  Hence,  more  phot o-electrons  are  emitted  and    the  current  
increases  with  intensity.  Thus,  photo-electric  effect  could  be  satisfactorily  explained  with   the  
photon  theory. 
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12.4  Photon  
 
In  photo-electric  effect,  photon  interacted  wi th  electron  as  a  quantum  of  energy.  In  Comp ton  
effect,  photons  of  X-rays  were  scattered  by  electrons  as  if  they  are  real  particles.  In  fact,  
Compton  effect  was  successfully  explained  by  treating  photons  as  real  particles  and  applyi ng  
the  laws  of  conservation  of  momentum  and  ene rgy.  Thus,  as  a  result  of  the  study  of  pho to-
electric  effect  and  Compton  effect,  following  properties  were  attributed  to  a  photon. 
 

( 1 )    Photon  can  be  considered  a  real  part icle  having  mass   m  =  
2c

hf
 .  (  Q  E  =  mc2 ) 

( 2 )    Energy  of  a  photon  of  frequency  f  i s  hf. 
 
( 3 )    According  to  Einstein’s  special  theory   of  relativity  the  relation  between  energy   

          ( E )  and  momentum  ( p )  of  a  parti cle  is      E   =    42
0

22 cm    cp ++++ ,     

           where     c   =  velocity  of  light  in   vacuum, 
                        m0  =  rest  mass  of  the  particle. 
          
          If  the  rest  mass  of  the  particle  i s  zero,    E   =   pc 
 
          ( In  fact,  rest  mass  of  the  photon  moving  with  the  velocity  of  light  is  practi cally  

meaningless  as  to  observe  it,  we  should  be  in  a  reference  frame  moving  with  the  
velocity  of  light. ) 

         ∴∴∴∴    Momentum  of  photon  of  frequency  f  is   p   =   
c
E

  =  
c
hf

. 

 
( 4 )    Like  a  real  particle,  photon  interact s  with  other  particles  following  the  laws  of   

conservation  of  momentum  and  energy. 
 
12.5  Photo  cell  
 
A  schematic  diagram  of  a  photo  cell  is  show n  in  the  figure.  In  some  photo  cells,  inste ad  of  
different  photo-sensitive  layers,  a  single  lay er  of  photo-sensitive  material  is  made  on  th e  wall  
of  the  photo  cell.  The  wall  of  the  photo  c ell  is  made  of  glass  or  quartz. 
 
The  photo  electric  current  changes  with  the  intensity  of  
incident  light.  This  property  is  used  in  des igning  control  
systems  using  photo  cell.  Photo  cells  can  be   used   
 
( 1 )    in  light  meters  used  in  photographic  camera, 
( 2 )    to  switch  off  and  on  street  light  a utomatically  in  the    

morning  and  evening  respectively, 
 
( 3 )    for  counting  the  number  of  persons  a nd  vehicles  on 

the  road  when  they  cut  off  the  light  incide nt  on  a  
photo  cell  from  across  the  road  and  also  fo r  
measuring  the  speed  of  the  vehicles  using  tw o  
photo  cells   with  a  definite  distance  between   them, 

 
( 4 )    as  burglar  alarm  as  well  as  fire  al arm, 
( 5 )    to  study  astronomical  phenomena  and   measure  

temperature  of  stars  and  study  their  spectra,  
 
( 6 )    to  control  temperatures  of  furnaces  a nd  chemical  reactions,          
( 7 )    in  television  and  film. 
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12.6  Dual  Nature  of  Radiation  and  Matter  ( D e  Broglie’s  Hypothesis )  
 
Phenomena  of  light  like  interference,  diffract ion  and  polarization  can  be  explained  by  wav e  
theory  and  not  by  particle  nature  of  light.  Interference  is  the  true  test  of  wave  natur e  of  light. 
 
Energy  distribution  in  perfect  black  body  rad iation,  photo  electric  effect  and  Compton  eff ect  
can  be  explained  by  particle  nature  of  light   and  not  by  wave  theory.  The  concept  of  qu antum  
mechanics  is  applied  even  to  the  motion  of  electrons  in  an atom  in  Bohr’s  atomic  model. 
 
In  1823,  Louis  de  Broglie  hypothesized  that  just  as  the  electromagnetic  radiation  shows  
particle  aspect,  particles  like  electrons  shou ld  exhibit  wave  aspect.  “Nature  should  be  
symmetric  with  respect  to  radiation  and  parti cles.  The  dual  nature  of  radiation  must  be  a   part  
of  some  general  law  of  nature.”  Both  radiati on  and  particles  may  not  exhibit  both  the  w ave  
and  particle  nature  simultaneously  in  the  sam e  situation. 
 
Momentum  of  photon  is   p  =  h //// λ λ λ λ    . 
 
De  Broglie  hypothesized  that  this  equation  is   applicable  to  particle  also.  If  m  is  the  mass  of  
the  particle  and  v   its  velocity,  then  its  momentum,   p  =  mv  =  h //// λ λ λ λ.. 
 

∴∴∴∴     λ   λ   λ   λ   =   
mv
h

 

 
Wavelength  of  the  matter  wave  for  the  partic le  as  given  by  this  equation  is  called  de  Broglie  
wavelength.  When  particle  acts  as  a  wave,  it s  particle  nature  should  be  forgotten  and  it   
should  be  understood  as  a  wave  having  wavele ngth  as  given  by  the  above  equation. 
 
According  to  classical  mechanics,  particle  is  a  point  like  object  having  position  and  
momentum,  whereas  wave  is  a  disturbance  in  s ome  space.  To  consider  wave  activity  of  a  
wave  representing  a  particle,  a  concept  of  w ave  packet  is  introduced. 
 
When  many  harmonic  waves  with  continuously  ch anging  wavelengths  superpose  over  each  
other,  non-zero  displacement  of  the  resulting  wave  limited  to  a  small  part  of  the  space  can  
represent  a  particle. 

The  above  figure  shows  some  harmonic  waves.  A  resulting  wave  obtained  by  the  
superposition  of  such  waves  representing  a  wa ve  packet  is  shown  on  the  next  page. 
 
The  probability  of  finding  a  particle  is  mor e  in  the  region  of  its  greater  displacement.   For  a  
single  harmonic  wave,  such  a  probability  is  the  same  anywhere  on  its  path.  This  means  t hat  
the  position  of  the  particle  is  uncertain.  B ut  the  wavelength  of  the  single  harmonic  wav e  
being  definite,  its  momentum  according  to  the   equation  p  =  h //// λ λ λ λ  is  definite. 
 
A  wave  packet  is  a  group  of  waves  of  sligh tly  different  wavelengths.  Hence  a  particle  c annot  
have  definite  wavelength.  To  represent  a  part icle,  if  more  waves  are  superposed  and  the  wave   
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packet  is  made  finite,  the  position  of  the  particle  will  be  more  definite.  But  in  such  a  wave  
packet  the  wavelength  of  the  wave  packet  and   hence  its  momentum  becomes  uncertain. 

This  led  to  Heisenberg’s  uncertainty  principle   according  to  which  if  the  uncertainty  in  t he   
x-coordinate  of  the  position  of  a  particle  i s  ∆∆∆∆x  and  uncertainty  in  the  x-component  of  its  
momentum  is  ∆∆∆∆p,  then 
 
∆∆∆∆x  . ∆∆∆∆p    ≈≈≈≈   h / / / / 2ππππ    =        ( h  cross  or  h  cut ) 
 
∴∴∴∴     ∆∆∆∆x   →→→→   0     ⇒⇒⇒⇒     ∆∆∆∆p   →→→→   ∞∞∞∞        and        ∆∆∆∆p   →→→→   0     ⇒⇒⇒⇒     ∆∆∆∆x   →→→→   ∞∞∞∞ 
 
12.7  Davisson-Germer  Experiment  
 
In  1927,  Davisson  and  Germer  performed  experi ments  to  study  scattering  of  electrons  by  a  
piece  of  Nickel  placed  in  vacuum.  The  
device  used  by  them  is  shown  in  the  
figure. 
 
G  is  the  electron  gun  having  tungsten  
filament  coated  with  barium  oxide.  
Filament  when  heated  with  low  voltage  
emits  electrons  which  are  accelerated  
using  high  voltage.  The  electrons  pass  
through  a  cylinder  and  form a thin  
beam  which  is  made  incident  on  a  
piece  of  Nickel  and  get  scattered  by  
the  atoms  of  Nickel.  The  electrons  
scattered  in  different  directions  are  
detected  by  a  detector  D  which  can  
be  moved  on  a  circular  scale  as  
shown  in  the  figure.  The  current  
though  the  detector  is  measured  by  
the  galvanometer  which  indicates  the  
number  of  electrons  scattered  in  that  
direction. 
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According  to  classical  physics,  the  number  of   electrons  scattered  in  different  directions  does  
not  depend  on  the  angle  of  scattering  or  th e  energy  of  the  incident  electrons.  Davisson  and  
Germer  confirmed  this  using  the  piece  of  Nic kel  as  the  scatterer. 
 
During  the  experiments,  a  bottle  of  liquefied   air  burst  and  damaged  the  piece  of  Nickel.   They  
heated  the  Nickel  piece  to  high  temperature  and  cooled  to  level  its  surface.  Experiments  with  
this  piece  of  Nickel  resulted  in  electron  di ffraction  similar  to  the  diffraction  of  X-ray s  by  a  
crystal.  This  happened  because  on  heating  and   cooling  the  piece  of  Nickel,  it  was  conver ted  
into  a  single  crystal. 
 
In  this  experiment,  the  intensity  of  electron   beam  scattered  at  different  angles  of  scatt ering  
can  be  measured  for  the  given  accelerating  v oltage.  Angle  of  scattering  ( θθθθ )  is  the  angle  
between  the  incident  beam  and  scattered  beam  of  electrons.  The  graph  in  polar  coordinates   
of  intensity  →→→→  θθθθ  for  the  observations  taken by  Davisson  and  Germer  between  44 V  and  68 V  
are  shown  qualitatively  in  the  figure  given  below. 
 
The  graphs  indicate  angle  at  which  maximum  s cattering  occurs  for  a  given  voltage.  It  is  50°°°°  
for  54 V. 

 
If  the  accelerating  voltage  is  V  and  charge  of  an  electron  is  e,  energy  of  electron  is  
 

2mv 
2
1

   =   eV              ∴∴∴∴   mv   =   meV2  

 

∴∴∴∴   wavelength,    λ   λ   λ   λ   =   
mv
h

   =   
meV2

h
 

 

Putting   V  =  54  volt,   h  =  6.62 ×××× 10----    34  J-s,   m  =  9.1   ×××× 10----    31  kg   and   e  =  1.6   ×××× 10----    19  C,  the  

value  of   λ   λ   λ   λ   works  out  to  be  1.66  ×××× 10----    10 m   which  matched  very  well  with  the  value  obtained  
in  the  above  experiment. 
 
12.8  Electron  Microscope  
 
Two  nearby  objects  can  be  seen  as  distinct  and  separate  with  the  optical  instruments  hav ing  
high  resolving  power.  In  compound  microscope,  diffraction  limits  the  resolution.  More  the  
wavelength  of  incident  light,  less  is  the  re solution.  The  resolving  power  and  magnificatio n  can  
be  increased  by  using  ultraviolet  light  havin g  low  wavelength. 
 
An  electron  can  act  as  a  wave  and  its  desi red  wavelength  can  be  obtained  by  acceleratin g  it.  
The  microscope  which  uses  the  wave  nature  of   an  electron  is  called  an  electron  microscop e.   
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The  wavelength  of  an  electron  being  very  sma ll,  highly  resolved  and  magnified  image  can  be  
obtained  using  the  electron  microscope. 
 
Just  as  lens  is  used  to  focus  light  in  opt ical  microscope,  electric  and  magnetic  fields  are   
used  to  focus  the  electrons  in  an  electron  microscope. 
 
Schematic  diagram  of  an  electron  microscope  a nd  a  corresponding  optical  microscope  are  
shown  side  by  side  in  the  following  figures.  
 

 
 
 
Electrons  emitted  from  the  filament  are  accel erated  with  a  p.d.  of  10 6  V.  Wavelength  of  the  
electron  beam  depends  upon  the  velocity  of  t he  electrons.  The  magnetic  lens  focuses  these   
electrons  just  as  light  rays  are  focused  by  a  simple  lens.  The  beam  of  electrons  is  in cident  
on  the  object  lying  in  its  passage  and  it  is  partially  absorbed  by  it. 
 
On  the  other  side  of  the  object,  there  is  a  magnetic  objective  lens  which  gives  a  magn ified  
image  of  the  object.  This  image  acts  as  an  object  for  another  magnetic  lens  ( projector  
magnetic  lens ).  This  lens  works  as  an  eye  piece  just  as  in  optical  microscope  and  give s  
final  magnified  image  of  the  object  on  a  fl uorescent  screen  or  a  photographic  plate.  Thi s  
image  is  seen  as  shadow  as  in  X-ray  photogr aphs. 
 
The  above  arrangement  is  kept  in  an  almost  evacuated  chamber  so  that  the  electrons  may  
not  collide  with  the  air  particles. 
 
Electron  microscope  can  magnify  even  the  obje ct  of  the  size  of  10  nm  to  10 6  times  with  
enough  resolution.  With  electron  microscope,  o ne  can  study  structures  of  an  atom,  crystal  
and  textile  fibres,  purity  of  different  surfa ces,  colloids,  polymers,  paper,  paints,  plasti c,  
lubricating  oil,  bacteria  and  virus. 


