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 Abstract 

 This  project  investigates  the  effect  of  temperature  on  the  speed  of  electromagnetic  wave  when  passing  through 
 water.  In  this  experiment,  a  laser  beam  is  fired  through  a  semi-circular  refraction  dish  containing  water  at  an  angle 
 where  the  beam  total  internally  reflected.  After  measuring  the  critical  angle,  calculations  were  made  to  derive  the 
 refractive  index  of  water  and  ultimately  the  laser  speed.  The  refractive  index  of  water  and  hence  speed  of 
 electromagnetic  wave  could  be  calculated.  At  the  end  of  the  investigation,  there  are  no  observable  changes  in  the 
 critical  angle.  Further  research  revealed  that  as  the  temperature  increases,  the  speed  of  electromagnetic  wave 
 increases.  However  this  change  is  negligible  as  the  temperature  range  investigated  is  narrow.  This  effect’s  cause  is  a 
 slight decrease in liquid density, which decreases the refractive index of water when it is heated as a result. 

 Keywords  :  Electromagnetic  Wave,  Total  Internal  Reflection,  Critical  Angle,  Density,  Refractive  Index, 
 Superposition, Wave-Particle Duality 

 1.  Introduction 

 Life  on  Earth  is  dependent  on  water.  It  is  the  most 
 important  biological  liquid  in  organisms.  Water  is  the 
 main  component  in  human  body  fluids  such  as: 
 interstitial  fluid,  blood  and  saliva,  water  is  the  main 
 component.  Therefore,  knowing  whether  temperature 
 affects  the  speed  of  electromagnetic  waves  traveling 
 through water is essential to biomedical optics. 

 The  observations  made  from  the  laser’s  change  in 
 critical  angle  is  also  a  product  of  the  changing 
 refractive  index  of  liquid.  This  promotes 
 consideration  of  bringing  temperature  as  a  factor  into 
 fine  calculations  in  refractometry,  the  study  of 
 refractive  index  of  a  material.  Refractometry  is 
 widely  applied  in  modern  industry  for  checking  how 
 pure  and  concentrated  liquids  are;  Checking  the  level 
 of  ripeness  of  fresh  fruit  in  the  food  industry; 
 checking  the  specific  gravity  of  protein  and  urine  in 

 plasma  of  animals  for  veterinary  (Mettler-Toledo 
 International  Inc,  2021).  Optical  scientists  need  to 
 know  whether  their  results  are  affected  by 
 temperature,  and  whether  they  need  to  perform  their 
 tests in a temperature-controlled environment. 

 This  investigation  aims  to  determine  the 
 significance  of  a  change  in  the  speed  of 
 electromagnetic  wave  under  the  effect  of 
 temperature.  Following  the  hypothesis  of  the 
 investigation  as  temperature  increases,  the  speed  of 
 electromagnetic  wave  should  decrease,  as  photons 
 will  be  interfered  by  vibrating  particles  in  liquid.  That 
 is,  increasing  in  temperature  increases  collisions 
 between  photons  and  water  molecules,  decreasing  its 
 speed. 

 2.  Materials and Methods 

 * Corresponding Author  Advisor: Emma Ellis 
 unading0@gmail.com  ele@uppingham.co.uk 

 33 



 J. Res. HS  Vol. 2023 (1) 33 - 36 

 Figure  1,  total  internal  reflection  of  laser  passing 
 through refraction dish filled with water. 

 To  begin  with,  the  shape  of  the  refraction  dish  is 
 traced  with  a  pencil  onto  the  middle  of  a  blank  A4 
 paper.  The  normal  to  the  semicircle  is  drawn.  The  A4 
 sheet  is  then  placed  below  the  refraction  dish,  where 
 the  trace  completely  overlaps  it.  Then,  water  is  heated 
 in  a  kettle  to  100°C  and  poured  into  the  refraction 
 dish.  In  figure  1,  the  first  set  up  of  this  project,  a 
 monochromatic  red  laser  is  fired  toward  the  normal  at 
 an  angle  adjusted  where  it  achieved  total  internally 
 reflection.  A  digital  thermometer  is  used  immediately 
 after  the  total  internal  reflection  to  measure  the 
 current  temperature  of  the  water.  The  position  where 
 the  laser  entered  the  dish  is  marked  on  the  A4  sheet. 
 The  dish  is  then  removed  and  an  incident  ray  is 
 drawn  by  connecting  the  mark  with  the  normal  using 
 a  ruler.  The  angle  between  the  incident  ray  and  the 
 normal  line  is  measured  using  a  protractor.  This 
 process  is  continuous  and  is  repeated  with  different 
 temperatures  until  the  water  cooled  down  to  room 
 temperature  (25°C).  However,  after  two  repeats  of  the 
 investigation,  it  is  clear  that  there  is  no  observable 
 change  in  the  critical  angle  as  water  cools  down.  The 
 marked  incident  rays  overlap  entirely.  There  is  no 
 need  of  further  calculations  to  derive  the  refractive 
 index  of  water  and  the  speed  of  electromagnetic 
 wave. 

 To  confirm  this  conclusion,  another  set  up  is  used 
 (figure  2).  The  second  set  up  observes  the  change  in 
 angle  over  a  longer  distance  of  2  meters,  so  that  the 
 small  changes  are  more  noticeable.  Water  is  boiled  in 
 a  kettle  and  poured  into  the  refraction  dish.  Similarly, 
 the  monochromatic  red  laser  is  fired  at  an  angle  of 
 30°  to  the  normal  to  achieve  refraction.  A  digital 
 thermometer  is  used  immediately  after  the  refraction 

 to  measure  the  current  temperature  of  the  water.  In 
 this  particular  set  up,  the  incident  ray  and  refraction 
 ray  were  drawn  using  a  ruler,  after  marking  the 
 position  where  the  laser  enters  the  dish.  The  angle  of 
 incidence  and  refraction  is  measured  using  a 
 protractor.  The  process  is  repeated  as  water  cools 
 down.  There  is  no  observable  change  in  the  angle  of 
 refraction,  which  resonates  with  the  conclusion  made 
 previously. 

 In  this  investigation  the  same  monochromatic  red 
 laser is used for both setups. 

 Figure  2,  refraction  of  laser  passing  through 
 refraction dish filled with water. 

 3.  Results 

 Critical  angle  in  figure  1,  angle  of  refraction  in 
 figure  2  were  noted.  To  get  the  refractive  index  and 
 wave  speed,  a  series  of  calculations  were  carried  with 
 the variables and a variety of equations were used. 

 Below  is  used  in  figure  1,  to  derive  refractive 
 index: 

 𝑠𝑖𝑛 ( 𝑐 )   =     1 
 𝑛 

 Where  c  in  the  formula  above  represents  the  critical 
 angle. 

 Below  is  used  in  figure  2,  to  derive  the  refractive 
 index: 

 𝑛    =     𝑠𝑖𝑛 ( 𝑖 )
 𝑠𝑖𝑛    ( 𝑟 )

 Below  is  used  in  both  figures,  to  derive  the  speed  of 
 electromagnetic  wave  speed  by  rearranging  the 
 formula: 

 34 



 J. Res. HS  Vol. 2023 (1) 33 - 36 

 𝑛    =     𝑐  / ν
 Where  the  ‘c’in  the  formula  above  represents  the 
 speed of light. 

 Nevertheless,  data  measured  from  the  second  set 
 up  is  not  accurate  enough  due  to  the  unobservable 
 change therefore no calculations could be made. 

 Table  1  :  data  derived  from  figure  2;  a  table  showing 
 the change in angle of refraction as temperature vary. 

 temperature 
 (+/- 0.1°C) 

 angle of refraction 
 (+/- 0.1°) 

 100  18.5 
 90  18.5 
 80  18.5 
 70  18.5 
 60  19 
 50  18.5 
 40  15  [1] 

 30  18 

 On  the  opposite  hand,  the  secondary  results  found 
 from  the  book:  Kaye  and  Laby  –  Tables  of  Physical 
 and  Chemical  Constants  (Kaye  and  Laby,  1995  ) 
 provided  accurate  data.  As  in  table  2,  there  is  a  minor 
 decrease  in  the  water  refractive  index  as  the 
 temperature increases by 5˚C. 

 Table  2.  a  table  showing  the  change  in  refractive 
 index  of  water  using  light  sources  of  different 
 wavelengths,  under  temperature  from  20˚C-25˚C. 
 (Kaye and Laby, 1995) 

 4.  Discussion 

 In  conclusion,  there  is  a  change  in  the  speed  of 
 electromagnetic  wave  under  the  change  in 
 temperature.  That  is,  as  the  temperature  increases,  the 
 speed  of  electromagnetic  wave  also  increases.  There 
 is  a  positive  relationship  between  the  two  variables. 
 This  disproves  the  original  hypothesis  and 
 contradicts  with  the  photon-collision  theory.  Hence, 
 when  light  is  traveling  through  a  medium,  photons  do 
 not collide with water molecules. 

 Nevertheless,  it  should  be  noticed  that  the  change 
 in  speed  is  insignificant  and  it  could  not  be  observed 
 using  both  setups.  There  are  several  reasons  that 
 could  explain  this  observation,  which  explore 
 mechanism  of  light  slowing  down  in  a  medium  and 
 the atomic arrangements when a liquid is heated. 

 Firstly,  there  is  a  change  in  speed  of 
 electromagnetic  wave  under  the  effect  of  temperature 
 due  to  the  wave-like  behavior  of  electromagnetic 
 waves.  A  theory  explained  by  Fermilab  (Fermilab, 
 2019)  uses  the  wave  nature  to  explain  light’s 
 behavior  when  traveling  through  liquid.  This  theory 
 accommodates  the  idea  that  electrons  in  the  medium 
 are  affected  by  the  passing  light.  Since  light  is  the 
 changing  of  electric  fields,  when  it  passes  through  a 
 medium  made  of  atoms  that  are  surrounded  by 
 electrons,  the  electrons  feel  a  force  from  the 
 oscillating  electric  field  and  starts  to  move.  The 
 moving  electric  charges  further  set  up  their  own 
 oscillating  field,  which  is  thus  a  wave  induced  by 
 light.  The  induced  wave  combines  with  the  light  to 
 form  a  new  wave  that  travels  at  a  slower  speed 
 through  superposition.  Applying  the  increase  in 
 temperature  as  a  factor  onto  the  medium,  it  allows 
 electrons  in  an  atom  start  to  move  in  a  more  vigorous 
 way  since  there  is  an  increase  in  the  atom’s  kinetic 
 energy.  Combining  the  influence  of  temperature  on 
 electrons  with  the  earlier  theory,  there  is  a  great 
 possibility  that  when  temperature  of  a  liquid  is 
 increased  while  light  travels  through  it,  the  electrons 
 move  faster  due  to  both  effects  and  the  wave  that  is 
 induced  by  the  light  is  different  than  a  wave  induced 
 in  the  medium  under  a  lower  temperature.  Likewise, 
 the  superposition  of  the  new  induce  wave  with  the 
 light generates a wave that travels at a greater speed. 

 Secondly,  the  observation  could  be  explained  by 
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 the  change  in  density  of  medium  when  it  experiences 
 temperature  change.  As  temperature  increases,  the 
 density  of  a  liquid  decreases  due  to  the  thermal 
 expansion  of  atoms  inside  the  liquid.  The  relationship 
 between  temperature  and  density  of  liquid  may  be 
 represented by: 

ρ   =    ρ 0 
 1 +α∆ 𝑇 

 Where  refers  to  the  material  density  at  reference ρ 0 
 temperature kg/m  3 

 refers  to  the  material  density  due  to  temperature ρ
 change in kg/m  3 

 refers  to  the  material  thermal  expansion  coefficient α
 in Kelvin 

 refers to the change of temperature in Kelvin. ∆ 𝑇 

 Since  light  waves  travel  fastest  in  vacuum  which 
 has  zero  density  and  decreases  in  speed  as  it  travels 
 through  a  medium  that  has  density  larger  than  zero, 
 the  decrease  in  density  in  liquid  when  heated 
 suggests  an  increase  in  the  speed  of  light  wave.  Thus, 
 density  of  one  medium,  in  this  case  density  of  water, 
 is a factor that affects the speed of light waves. 

 In  addition,  the  speed  change  of  light  waves 
 (electromagnetic  wave)  is  insignificant  as  the  change 
 in  critical  angle  is  not  observable  in  the  set  up  due  to 
 the  narrow  range  of  temperature  being  investigated  in 
 figures 1, 2, and table 1. 

 The  results  and  conclusions  derived  from  the 
 investigating  water  could  be  assumed  to  be  applied 
 for  all  liquids  as  they  perform  similar  behaviors  when 
 experiencing  a  temperature  change.  However  this 
 could  not  be  applied  to  any  solids  or  gasses  due  to 
 their behavioral difference to a liquid. 

 It  should  be  noted  that  density,  one  of  the  factors 
 deciding  the  speed  of  light  waves  in  a  medium  is 
 dependent  on  both  temperature  and  pressure.  Since 
 this  project  had  already  investigated  on  temperature, 
 the  next  step  should  be  investigating  the  effect  of 
 pressure  to  water  while  light  travels  through  to 
 confirm  the  influence  of  changing  density  of  water  to 
 the speed of light wave. 

 Theoretically,  in  figure  2  requires  the  set  up  to  be 
 placed  between  approximately  57  kilometers  to  gain 

 an  observable  change  (1mm,  the  minimum  distance 
 that  naked  eye  can  observe)  of  the  angle  of 
 refraction.  This  approximation  could  be  derived 
 using  the  law  of  refraction  to  find  the  angle  of  the 
 light  would  bend  using  table  2,  then  use  this  angle  to 
 find  the  length  that  would  give  a  1mm  horizontal 
 distance.  However  this  new  set  up  is  technically 
 impossible  due  to  the  investigator’s  limited 
 conditions. 

 In  response  to  the  refractometry  industry,  the 
 conclusion  of  this  investigation  suggests  that  for 
 rough  calculations  in  the  industry,  the  effect  of 
 temperature  could  be  neglected.  However,  for  fine 
 calculations,  the  effect  of  temperature  should  be 
 considered  since  liquids  will  experience  slight 
 change in refractive index under temperature change. 
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