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naB noitseuQ ot snoituloS k  
eludoM -I  

utnauQ dna scisyhp nredoM m scisyhp   
 
 
1). etaluclaC  eht  ed - rB o eilg  w htgneleva  elcitrapfo  fo  ssam  C/VeM56.0 2 sah  a nik cite   

ygrene  fo  Ve08 . )3102naJ(   
Giv ne :  

=M  c/VeM56.0 2 01x751.1= - 03  kg.  
E= 08 e  V  

 
=λ 1 1. 218x10-10m  

)2 . teS  pu  regnidorhcS  emit - tnednepedni  w eva  e uq oita n naJ(.  )3102   

redisnoC  a elcitrap  of ssam  ’m‘  gnivom  htiw  olev ic ty ’v‘ . ehT  ed - eilgorB  w eleva n htg  ’λ‘  i  s  
 

h 
λ =  

mv 
 

erehW  ’vm‘  si  eht  mutnemom  fo  eht  elcitrap  .  
 

ehT  evaw  i nqe s  

 
i ( xk  -Ω t ) 

 
 
 

erehW  ’A‘  si  a tnatsnoc  dna  ’ω‘  a eht si n ralug  erf q neu c fo y  t eh  evaw .  
 

gnitaitnereffiD  noitauqe  )2(  htiw  tcepser  ot  ’t‘  wt i ec   

 
2 

2 i (kx-Ωt ) 2 

td  
 

ehT  noitauqe  fo  a llevart i gn  w eva  si   

 
d y 1 d y = 
dx2 v2 dt 2 

 
erehW  ‘ ’y  si  eht  sid tnemecalp  dna  ’v‘  si  eht  colev ity  .  

 
 

yhp fo tpeD s TIBJS ,sci  1 egaP  

nelevaw ilgorB eD g ht  √ /h=p/h=λ  2𝐸𝑚 01x526.6= - 43 /√2𝑋 08 𝑋 1.9 𝑋 01 -31  

h = 
P 

→ 1(  )  

Ψ = A e → 2(  )  

2 

d Ψ 
= -AΩ e = - Ψ Ω  → 3(  )  

2 2 
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ylralimiS  rof  eht  ed - eilgorB  evaw  detaicossa  htiw  eht  elcitrap   

 
d Ψ 1 d Ψ = 
dx 2 v2 dt 2 

 
erehw  ’ψ‘  ta tnemecalpsid eht si  t mi e ’t‘ .  

 
( snqe morF 3 & )  4( )  

 
d Ψ = 
dx 2 

 
tuB  ω = υπ2  dna  v υ=  λ erehw  ’υ‘  si  eht  qerf u ycne  dna  evaw eht si ’λ‘ length.  

 
1 1 d Ψ = - 

Λ2 4Π Ψ dx2 

 
m2 v2 mv2 = = 

 
 

h 2 
= 

2mΛ2 

 
gnisU  nqe  5( )  

 
h 2 d Ψ = - 

8Π mΨ dx 2 

 
enE latoT gr = E y  + E.K  P  E.  

 
h 2 d Ψ 

8Π mΨ dx 2 

 
h2 d Ψ 

8Π mΨ dx 2 

 
 
 
 

yhp fo tpeD s TIBJS ,sci  2 egaP  

2 2 

→ 4( )  

2 Ω 2 

- Ψ 
v2 

2 d Ψ 4Π 
dx 2 Λ2 → 5(  )  

2 2 

= - Ψ ro  2 

→ 6( )  
1 
2 

P 2 

2m 
K.E = 

2 

2m 

 
→ 7( )  

 
 
 
 

1 
4Π Ψ 

� d Ψ � 2 

� � - 
� � 

2 h 2 

2m 
→ 8(  )  K.  E = 

dx 2 2 

2 

+V 2 E = - 

2 

2 E -V = - 
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2 2 

= - (E -V )Ψ 

 
2 2 

+ (E -V )Ψ = 0 

 
sihT  si  eht  emit  tnednepedni  regnidorhcS  w eva  eq noitau   

 
 

gnisU.)3  s’grebnesieH  ytniatrecnu  elpicnirp  dna  evorp  th ta  f eer  e el tc ron d seo  n to   
tsixe  edisni  eht  un cleus J( a 3102 n )  

gnidroccA  ot  eht  oeht ry fo  ivitaler t ,y  the rene gy E fo  a citrap le  :si  

 
2 m c o 

1- (v  / c ) 
erehW  m‘ o’ si  eht  tser  eht fo ssam  citrap l ‘ dna e m ssam eht si ’  nehw  it  s ev l co ity is ’v‘  .  

 
m2c 4 o 

1 - (v2 / c 2 )= 
I  f ’p‘  si  eht  mutnemom  of eht  rap t elci :  
 

mov 
1-(v2 / c2) 

m 2v2c 2 o 

c 2 - v2 

 
ylpitluM   ²c yb  

 
m 2v2c 4 

 
 

( gnitcartbuS 2  ) b )1( y  vah ew e  
 

m2c4 (c2 - v2 ) 
c2 - v2 

yhp fo tpeD s TIBJS ,sci  3 egaP  

gnireenignE  ph  scisy  

 
d Ψ 8Π m 
dx 2 h 2 

 
d Ψ 8Π m 
dx 2 h 2 

E = ²cm  =  
2 2 

E 2 = .i e  .  
m 2c 6 

o 

c 2 - v2 →  )1(  

.i e. p = vm  =  

²p  =  

²c²p   =  o 

c 2 - v2 → )2(   

²E  - ²c²p  =  o 
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²E  = ²c²p  + mo

2c4 → 3( )  
 

ebnesieH r s’g  niatrecnu ty elpicnirp  etats s t ah t  

 
∆ . ∆P ≥ 

 
ehT   retemaid o cun eht f l 01 redro eht fo si sue -14m. fI  na  nortcele  si  ot  tsixe   eht edisni  

,suelcun  eht  niatrecnu ty ni  ti s isop it no  ∆ tsum  ton  ex deec  01 - 41 m  .  

 
.i e. ∆ ≤ 01 - 41 m  

 
ehT  muminim  ytniatrecnu  ni  eht  utnemom m  

 
 

≥ 5.0  × 01 - 02  s/m.gk  → 5(  )  
max 

 
By gniredisnoc  muminim  niatrecnu ty ni  eht  mutnemom  fo  eht  cele t nor   

 
≥ 5.0  × 01 -20 m.gk /s = p → )6(  

 
redisnoC  nqe  3( )  

 
²E  = ²c²p  + mo

2c4 = c2 p( ²+mo ²c² )  
 

ehW er  mo= 11.9  × 10- 13  gk   
 
I  f eht  nortcele  ex stsi  ni  eht  suelcun  sti  rene gy sum t  eb  
 

²E  ≥ 3(  × 01 8)2[ 5.0(  × 01 -20)2 + 11.9(  × 01 - 13 )2 3(  × 01 8)2]  
 
.i e. ²E  ≥ 3(  × 01 8)2 52.0[  × 01 - 04  + 9264.7  × 01 -44]  

 
itcelgeN ng eht  dnoces  mret  sa  ti  si  rellams  by om re naht  eht  3 dro er  s fo  eht  m edutinga  oc m  derap  

ot  tsrif  mret .  
 

gnikaT  qs u era  stoor  no  htob  sedis  dna  ilpmis f iy ng  
 
 

E ≥ 5.1  × 01 - 21   J ≥  
 
 

yhp fo tpeD s IBJS ,sci T 

x h 
4Π x → 4(  )  

x 

x 

6.6 3×10- 43  

4Π ×10- 41  
h 

4Π (∆x)  nim  (∆Px) ≥  ≥  

nim  (∆Px) ,.e.i   

5.1  ×10 - 21  

6.1  ×10 - 91  ve  ≥ 4.9  veM   
 
 

egaP  4  
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fI  na  ortcele n ex stsi  ni  eht  suelcun  sti  en re gy tsum  eb  g aer t re  naht  ro  auqe l ot  .veM4.9  tI   si  

latnemirepxe ly derusaem  taht  eht  ateb  citrap l se  detceje  morf  eht  suelcun  gnirud  ateb  ced ay have  

ene r seig  fo  4 ot 3 tuoba  VeM . sihT  swohs  taht  el snortce  tonnac  ex tsi  ni  eht  suelcun .  
 

levpuorgrofnoisserpxeehtevireD.)4 oslA.sevawfonoitisoprepusfosisabehtnoytico   
niatbo  eht  noitaler  neewteb  puorg  yticolev  a hp dn esa  ev l co i yt . yluj(  )3102   

 
esahP  lev o ytic  dna  org pu  ev l co i yt :  

A evaw  si  r erpe s detne  by eht   :noitauqe  

y = tω(nisA - )xk   

erehW  ’y‘  si  eht  tnemecalpsid  gnola  Y-ax si  ta  na  tnatsni  ,t  ’ω‘  si  eht  ralugna  euqerf nc ,y   ’k‘  

si  noitagaporp  tnatsnoc  or evaw  un mber. ‘x’ si  eht  tnemecalpsid  ola ng x-ax si  ta  eht  tnatsni  ‘t’.  

 
 
 
 
 
 
 
 
 
fI  ’p‘  si  eht  tniop  no  a gorp re eviss  aw v ,e  neht  ti  si  eht  neserper t evita  tniop  rof  a ralucitrap  esahp  of  

eht  ,evaw  eht  v icole ty htiw  hcihw  ti  si  gaporp a det  gniwo  ot  eht  oitom n fo  eht  evaw  is ac l  del  

yticolev esahp .  
 

ehT  esahp  icolev ty fo  a evaw  si  nevig  by vph esa  = ω(  )k/ .  
 

puorG  lev :ytico   
 
 
 
 
 
 

laudividnI  W eva s Am edutilp  noitairav  fa t re  uS tisoprep ion  

 
 
 

A puorg  fo  owt  ro  erom  ,sevaw  thgils ly fid f ire ng ni  elevaw n shtg  era  repus  desopmi  no   

rehto hcae . ehT  tnatluser  evaw  si  a tekcap  ro  vaw  e org pu . ehT  icolev ty tiw h hcihw  eht  olevne pe  

gnisolcne  a evaw  puorg  si  detropsnart  si  dellac  Gr puo  icoleV ty.  
 

IBJS ,scisyhp fo tpeD T 5 egaP  
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teL  y1 = tω(nisA -kx) → )1(  dna  y2 =  t)ω Δ+ω([nisA - )kΔ+k( x]  )2( →  

 
ehT  owt  sevaw  gnivah  emas  edutilpma  & thgils ly tnereffid  elevaw n htg . erehW  y1 & y2 era   

eht  stnemecalpsid  ta  any ,’t‘tnatsni  ’A‘  si  oc mm o  n pma il ,edut  ‘∆ ’ω  & ’kΔ‘  era  ecnereffid   ni  

ralugna  icolev ty dna  evaw  rebmun  era  demussa  ot  eb  llams . ‘x’ si  eht  nommoc  tnemecalpsid  a  t  

emit   ’t‘  
 

By eht  elpicnirp  fo  noitisoprepus   
 

y = y1 + y2  
 

y = tω(nisA -kx) +  t)ω Δ+ω({nis A - (k )kΔ+ x  }  
 
 

2 = b nis + a nis ,tuB  soc � 
 
 

� ∆Ω ∆k � � 2  Ω + ∆Ω 
� � � � � � 

 
ecniS  ωΔ  dna  era kΔ  ams  ll  

 
ω2  ≈ ωΔ+  ω2  dna  k2  + Δk ≈ k2 .  

 
� ∆Ω ∆k � 

� � 
 

morF  qe u snoita  )1(  & 3(  ) ti  si  nees  eht  edutilpma  emoceb s  

 
� ∆Ω ∆k � 

� � � � 
 

ehT  icolev ty htiw  hcihw  eht  noitairav  ni  edutilpma  si  dettimsnart  ni  t eh  er su tl na  t evaw   si  

eht  puorg  yticolev .  
 

(∆Ω 2/ ) ∆Ω = 
(∆k 2/ ) ∆k 

 
 
 
 
 

yhp fo tpeD s TIBJS ,sci  6 egaP  

� 
� 

a - b a + b 
2 2 

 
� � �t oc s�

� �t - � � � 
� - � 

x� is n�
� � � 

2 2 2 

� 

� � � 

� � � � 
is n� 

� 
� � � � 

y = A2  � 
� 
x� 

� 
� 

2k + 
2 

∆k � 

� � 
2 2 � � � � 

oc s�
� �t - � 

� 
x� is n(Ω  t - kx) � � 

... y A2 =  → 3(  )  

� � 
2 2 

oc s�
� �  t - � 

� 
x� 

� � 
� � 

A2  

v org pu = 
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dΩ 

kd  

 
v org pu  =  

kd  
 

noitaleR  neewteb  puorg  yticolev  dna  esahp  ev l co i :yt   
 

ehT  snoitauqe  rof  puorg  icolev ty dna  esahp  ve col ti y era :  

 
→ )1(  v& ph esa = → 2(  )  

 
 

erehW  ’ω‘  si  eht  ralugna  euqerf ncy fo  eht  evaw  and ’k‘  si  eht  aw ve rebmun  .  
 

ω = k v hp esa   
 
 

dΩ v org pu = =  
kd  

 
 

esahp  

kd  

 
v org pu  = vpha es + k  

 
 

eW  ( = k evah 2 λ/π )  

 
dΛ Λ2 or = - 
dk 2Π 

 
dΛ 2Π = 
dk Λ 

 
gnisU  siht  ni  nqe  3( )  

 
dv esahp  v org pu  = vpha es  - λ 

dΛ 
 
 

yhp fo tpeD s TIBJS ,sci  7 egaP  

nI   eht timil  → 
∆k 

 
dΩ 

∆Ω 

dΩ v org pu  =  
kd  

Ω 
k 

d 
kd  esahp  

 
 
 
 
 
 
 

�� 

� 
�� kd  � 

��
 dΛ

 � → 3(  )  
� 

dv esahp  

dΛ 

(kv ) 

v org pu = vpha es + k 
 
 

� 
� � 
� 

dv 

itnereffiD a nit g  2Π 
Λ2 

 
Λ2 

2Π 

kd  = - 
dΛ 

� � -Λ = 
� 

� 
�� - � 

� 
� k 

� �� 
�� 
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sihT  si  eht  noitaler  neewteb  puorg  yticolev  dna  esahp  icolev ty  

 
))5  nialpxE  ydobkcalb  noitaidar  murtceps  on the ba sis  o  f alp skn  dar i oita n law.  

)4102ceD(   
A obkcalB dy si  eno  hcihw  sbrosba  eht  eritne  ar d noitai  tnedicni  no  ti  dna  stime  all t eh  ba s  debro  

noitaidar  wh ne  ti  is more oh t. A t eur  bl obkca dy d seo  ton  ex tsi  lacitcarp ly. A obkcalb dy sed i deng   
yb  nieW  sah  serutaef  ev ry esolc  ot  eht  eurt  obkcalb d .y  reF ry sah  osla  detcurtsnoc  obkcalb d  y  

dellac  s’yrreF  obkcalb dy. A obkcalb dy ta  a p citra u ral  erutarepmet  dnuof  ot  time  a aidar it no  of a ll   
elbissop  elevaw n shtg . It si  a suounitnoc  urtceps m gnitrats  morf  rec t nia  muminim  vaw elength to  
mumixam  htgnelevaw . ehT  am x mumi  isnetni ty sdnopserroc  ot  a p tra i raluc  aw v ele n .htg  For  
tnereffid  serutarepmet  fo  eht  kcalb  ob d ,y  ereht  era  tnereffid  ruc v .se  sA  eht  erutarepmet  fo  the  

ob dy in ,sesaerc  the wa elev n htg  co idnopserr ng ot  am x mumi  etni isn ty fihs ts t drawo s l ewo r  
elevaw n s htg i ed . The noitubirtsid  fo  rene gy ni  kcalb  ob dy noitaidar  si  nwohs  ni  eht  gniwollof  fig.  

 
 

VU  ISIV B EL  I  R  

 
60 K00  

30 K00  
enE rgy 

20 K00  

 
 

vaW el gne th 
 

,s’nieW  elyaR i hg -J snae  dna  kcnalP  evah  nevig  rieht  ex snoitanalp  ot  uocca nt eseht  devresbo   

latnemirepxe  stcaf  sa  :swollof  

s’kcnalP  :waL  
P kcnal  demussa  taht  law ls fo  eht  ex latnemirep  obkcalb dy stsisnoc  al r reg  num reb  fo   
lacirtcele  srotallicso . hcaE  rotallicso  setarbiv  htiw  sti  nwo  euqerf ncy.  

i) hcaE  rotallicso  sah  na  en re gy nevig  by largetni  elpitlum  fo  h  υ erehw  h noc s’kcnalP si ts na t  
& υ qerf eht si u ne c  fo y v arbi it no .  

E = υhn  erehw  n = ,1  ,2  3 . . . etc  .  
)ii  nA  rotallicso  may esol  ro  niag  ygrene  by gnittime  ro  gnibrosba  ser p evitce ly a noitaidar  fo   

euqerf ncy  υ erehw  υ Δ= E ,h/  EΔ  si  ereffid n ec  ni  en seigre  fo  eht  os rotallic  erofeb  dna  fa et  r  
eht  noissime  ro  noitprosba  ekat  place.  

 
kcnalP  devired  eht  law w hcih  sdloh  doog  for eht  eritne  murtceps  fo  eht  blac obk dy r aida t noi  as  

� �dΛ ecnis(  υ = c/ )λ   )1(  
Λ5 � e hΝ / Tk  - 1� 

sihT  si  s’kcnalP  noitaidaR  Law  .  
eW s’ni  ehT:wal  noitaler  neewteb  eht  evaw len htg  fo  noissime  dna  eht  erutarepmet  fo  eht  uos r ec  i  s  

 
 

yhp fo tpeD s TIBJS ,sci  8 egaP  

8Π ch  
1 Uλ = λd   

� � 
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C2 

U dΛ = C Λ e dΛ 
 

erehW  Uλdλ si  eht  ygrene  ar eht ni emulov tinu / n  eg o aw f v ele n λ htg  na C ,λd+λ d 1 dna  C2  era  
natsnoc ts.  

sihT  si  dellac  s’nieW  wal  fo  ygrene  noitubirtsid  ni  eht  kcalb  ob dy dar i noita  murtceps .  
warD b skca  fo  s’nieW  al w:  

s’nieW  wal  sdloh  doog  rof  eht  retrohs  elevaw n tg  h noiger  dna  hi hg  epmet r eruta  fo  eht   
uos ecr . tI  f delia  ot  ex nialp  laudarg  pord  ni  ytisnetni  fo  noitaidar  nopserroc d gni  to  regnol  

htgnelevaw  retaerg  naht  t eh  kaep  eulav .  
 

hgielyaR - snaeJ  Law:  
elyaR i hg  devired  na  noitauqe  rof  eht  obkcalb dy noitaidar  no  eht  sisab  fo  picnirp le fo   

noititrapiuqe  fo  ygrene . ehT  icnirp elp  fo  rapiuqe t noiti  fo  ene gr y su stsegg  taht  na  egareva  ene gr y  
Tk  si  dengissa  ot  hcae  m edo  fo  noitarbiv . ehT  nu rebm  fo  nu/snoitarbiv it ov lume esohw   

htgnelevaw  λ fo egnar eht ni si  si λd+λ dna  nevig  b  y 8 λπ -4 λd  .  
ehT  rene g tinu/y  emulov  in eht  elevaw n htg  ar n eg  λ dna  λ + dλ  si  

 
Uλd λ = kπ8 Tλ-4 λd   
 

sihT  si  elyaR i hg -J snae  noitauqe . gnidroccA ly ygrene  detaidar  by eht  ydobkcalb  sesaerced   
htiw  isaercni ng aw velen htg .  

 
elyaR i hg -J snae  waL  erp d stci  ot  etaidar  lla  eht  en re gy ta  rohs t re  elevaw n htg  edis  tub  ti  seod  on  t  

ppah e os n . A kcalb  ob dy setaidar  niam ly ni  eht  arfni - der  ro  elbisiv  noiger  fo  ortcele m citenga   
murtceps  dna  isnetni ty of noitaidar  aerced s se  nwod  peets ly rof  retrohs  aw v ele n shtg .  eht ,suhT  

elyaR i hg -J snae  waL  liaf  s ot  ex nialp  eht  rewol  aw v ele n htg  edis  fo  eht  tceps r mu . sihT  si  derrefer   ot  
sa  artlu - teloiv  ehportsataC .  

]  
)6 . niatbO  eht  noitulos  fo  s’regnidörhcS  ti em  – tnednepedni  w eva  e uq oita n when a pp eil d ot  a  

laitnetop  xob  fo  ni inif et  h gie ht. 4102ceD( )  

 
 
 

redisnoC  a elcitrap  of a ssam  ’m‘  eerf   ot m evo  in eno  d mi noisne  gnola  op s ti  evi  

wteb ee n 0=  ot  =a. The p laitneto  rene gy edistuo  th si  noiger  si  etinifni  dna  within eht  ger i no  i  s  

orez . ehT  elcitrap  si  in bou dn  etats . hcuS  a fnoc igu noitar  fo  laitnetop  ni  s ap ce si  lac l de  i inifn t  e  

laitnetop  lew l. tI  si  osla  dellac  elcitrap  ni  a ob x. ehT  idörhcS n reg  noitauqe  edistuo  eht  llew  is  

 
 
 
 
 
 
 
 

yhp fo tpeD s TIBJS ,sci  9 egaP  

-� 

� 

� � 
-5 ΛT 

� � 

Λ 1 

x - noitcerid   

x x 
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2 2 

+ (E - ∞)Ψ = 0  )1( →  

 
roF  ,edistuo  eht  oitauqe n sdloh  doog  fi  ψ = 0 & |ψ ²|  = .0  tahT  si  elcitrap  tonnac  eb  dnuof  uo tsid  e  
eht   ta osla dna llew t eh  wa ll  s  

 
ehT  idorhcS n eg r s’  tauqe i no  edisni  eht  lew l  :si  

 
d Ψ 8Π m 
dx 2 h 2 

 
h 2 d Ψ - 

8Π m dx 2 

 
sihT  si  in eht  rof m Ĥψ = Eψ  

sihT  si  negiE na -val eu  eq au it no .  
 

2 

Let E = k 2( nqe ni )  

 
2 

+ k Ψ = 0 

 
ehT  noitulos  fo  ht is noitauqe  i  :s  

 
ψ = C oc s k + D is n k → 4( )  

 
at = 0 → ψ = 0  

 
0 = C soc  0 + D is n 0  

 
∴ C = 0 oslA  = a → ψ = 0  

 
0 = C aksoc  + D sin ak   

 
tuB  C =  0  

 
∴D sin ak  = 0 5( )  

 
D≠0 uaceb( se eht  evaw  oc n tpec  sehsinav )  

 
.i e. ak  = nπ ehw re n = ,0  ,3 ,2 ,1  …4  utnauq(  m rebmun )  

 
nΠ 
a 

 
yhp fo tpeD s TIBJS ,sci   01 egaP

d Ψ 8Π m 
dx 2 h 2 ∵V  =  ∞  

2 2 

+ EΨ = 0  2( → ) ∵V = 0  

2 

→ 3( )  = EΨ  2 

8Π m 
h 2 

 
d Ψ 
dx 2 

2 

2 

x x 
x 

x 

k =  → 6(  )  
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gnisU  siht  ni  nqe  4( )  

 
 

→ )7(  .  

 
oT  dnif  tuo  eht  eulav  fo  ,D  noitazilamron  fo  t eh  evaw  uf n noitc  is to eb  enod .  

 
a 

∫ Ψ xd  = 1 → )8(  gnisu  the seulav  of nψ  morf  nqe  )7(   
0 

 
nΠ 
a 

1 - soc (2nΠ / a) x 
2 

 
dx x� = 1 

� 
a 

x� = 1 
 

[a - 0] = 1 
 

a = 1 
 

2 
a 

 
ecneH  the zilamron de  evaw  snoitcnuf  fo  a p elcitra  ni  eno  lanoisnemid  etinifni  laitnetop  llew  i :s   

 
 

→ 9(  )  

 
ygrenE  egiE  n av ul es:  

 
Fr qE mo . 6 2&   

 
2 

E = k = 
 

n2h 2 
8ma2 

7). tahW  si  notpmoC  fE f ?tce  nialpxE  sti  lacisyhP  gis nif aci n ec . )4102ceD(   
 
 

yhp fo tpeD si TIBJS ,sc   11 egaP

nΠ x 
a 

= D sin Ψ n 

2 
n 

0 

 
D2 

� � � 
a 

∫ 
0 

a 

∫ D2 nis  xdx  = 1 2 

� 
�dx = 1 

� 
� a 

a ∫ ∫ 
� 2nΠ 

a 

2nΠ 
a 

xd  - soc  � 
� 0 0 

D2 

2 

D2 

2 

D2 

2 
D2 

2 

D = 

a 
2nΠ � x - 

� 
� 

sin � � 0 

nΠ x 
a 

nis  n 
2 

Ψ = 
a 

2 
2 n2Π 

a 2 
8Π 
m 

h2 

E = 
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ehT  gnirettacs  fo  a tohp on by na  nortcele  si  dellac  sa  notpmoC  tceffe  ro  Co notpm  gnirettacs  .  

 
nehW  a notohp  fo  evaw l htgne  ’λ‘  si  erettacs d by na  nortcele  ni  eht  tcerid i no  gnikam  na  an elg  ‘θ  ’  

htiw  eht  noitcerid  fo  cni i ,ecned  eht  evaw len htg  fo  eht  derettacs  notohp  inc sesaer . stI  htgnelevaw   
si  λ'. ehT  nortcele  iocer ls ni  a oitcerid n ikam ng na  an lg e ‘φ’ wi ht  eht  inci ned t rid e noitc  fo  otohp n  .  

ehT  ecnereffid  ni  eht  elevaw n htg  'λ( - )λ  si  dellac  eht  notpmoC  fihs t. notpmoC  dnuof  taht  'λ   si  
tnednepedni  fo  eht  at r teg  ,lairetam  no sdneped tub  a eht ngle fo  cs ta t re ing  .  

 
 
 
 
 
 
 
 
 

fI  λ si  eht  elevaw n tg h fo  eht  tnedicni  ,notohp  sti  rene gy E is nevig  by E=hc/λ wh re e h‘ ’ is  
eht  s’kcnalP  ,tnatsnoc  ’c‘  si  eht  icolev ty fo  li ,thg  ‘ ’λ  si  eht  w eleva n htg  of t eh  nedicni t notohp . fI  'λ   

si  eht  htgnelevaw  fo  eht  s derettac  ,notohp  sti  en ygre  si 'E   nevig b  y  
 

lacisyhP  ecnacifingis : nI  notpmoC  ,tceffe  eht  notpmoC  tfihs  si  ex denialp  no  eht  sisab  taht  eht  X- 
ray notohp  edilloc  htiw  eht  nortcele  dna  irud ng eht  ,noisilloc  eht  rene gy ex egnahc  teb w nee   eht  

owt  rucco s sa  oht ugh ti  si  a dnik  of trap ci la - rap ti lac  .noisilloc  suhT  ti  setartsnomed  eht  p ra ticle  
erutan  of X-ray hcihw  ew  onk w si  citengamortcele  aw v ,se  ro  ni  rehto  sdrow  ti  si ng if sei  the  

elcitrap  erutan  fo  w seva  in eg n lare  .  
 
)8 . ehT  noitisop  dna  mo tnem um fo  ortcele n htiw  ygrene  5.0  veK  era  deter im ned W. hat i  s  

nim i mum  egatnecrep  ytniatrecnu  ni  sti  mo mutnem  fi  eht  ytniatrecnu  ni  eht  tnemerusaem   fo  

op is oit n si  A5.0 . 102ceD( 4)  
 

∆x = A5.0   
 

1 
∆x 

 
 

.6 625×10-34 
50.1=   x 01  -24 sN   

4 × .3 14 × .0 5×10-10 

 
 

= .1 207 x 10 - 32   sN  

 
% fo  atrecnu inty =  

 
IBJS ,scisyhp fo tpeD T egaP   21

:ataD   

∆p≥ × 
4Π 
h 

∆p =  

 
 = P  
 = P  
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)9 . tahW  si  puorg  yticolev  dna  esahp  yticolev  ni  aw ev  ?noitom  niatbO  eht  taler ion b te w ee  n  
eht m. )4102ceD(   

 
 
 

esahP  yticolev  dna  uorg  p :yticolev   
 
A evaw  si  detneserper  by eht  :noitauqe   
 

y = tω(nisA -kx)  
 

erehW  ‘ ’y  si  eht  tnemecalpsid  gnola  Y-ax si  ta  na  tnatsni  ,t  ’ω‘  si  eht  ugna al r qerf u ne c ,y  ‘k’  
si  rp noitagapo  tnatsnoc  or evaw  un mber. ‘x’ si  eht  tnemecalpsid  ola ng x-ax si  ta  eht  tnatsni  ‘t’.  

 
 
 
 
 
 
 
 
 
fI  ’p‘  si  eht  tniop  no  a pr evissergo  aw v ,e  neht  ti  si  eht  per r evitatnese  tniop  f ro  a ucitrap l ra  ahp se  fo  

eht  ,evaw  eht  v icole ty wi ht  hcihw  ti  si  detagaporp  gniwo  ot  eht  noitom  fo  eht  evaw  is c la l  de  
yticolev esahp .  

 
ehT  esahp  icolev ty fo  a evaw  si  nevig  by vph esa  = ω(  )k/ .  

 
A puorg  fo  owt  ro  erom  ,sevaw  thgils ly fid f ire ng ni  elevaw n shtg  era  repus  desopmi  no   

rehto hcae . ehT  tnatluser  evaw  si  a tekcap  ro  vaw  e puorg . ehT  icolev ty tiw h hcihw  eht  olevne pe  
gnisolcne  a evaw  puorg  si  detropsnart  si  dellac  Gr puo  icoleV ty.  

 
dΩ v org up =  

kd  
 

noitaleR  neewteb  puorg  yticolev  dna  esahp  :yticolev  
 

ehT  snoitauqe  rof  puorg  yticolev  dna  esahp  icolev ty are:  

 
→ )1(  v& ahp es =  

 
 

erehW  ’ω‘  si  eht  ralugna  neuqerf cy fo  eht  evaw  and ’k‘  si  eht  aw ve rebmun  .  
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Ω 
k 

dΩ 
v org up =  

dk 
→ 2(  )  
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ω = k v hp esa   

 
dΩ 

v org pu = = 
kd  

 
 

esahp  

 
 
 

v org pu  = vpha es + k  
 
 

eW  ( = k evah 2 λ/π )  
 

dΛ Λ2 or = - 
dk 2Π 

 
dΛ 2Π = 
dk Λ 

 
gnisU  siht  ni  nqe  3( )  

 
dv esahp  v org pu  = vpha es  - λ 

dΛ 
 

sihT  si  eht  noitaler  neewteb  lev puorg o ic ty  dna p icolev esah ty  .  
 
01 ). puteS  emit  tnednepedni  regnidörhcS  w eva  noitauqe  rof  eerf  elcitrap  in one d emi n ois n.  

 
 )4102ceD(  

 
redisnoC  a elcitrap  of ssam  ’m‘  gnivom  htiw  colev ity ’v‘ . The ed - rB o eilg  w eleva n htg  ’λ‘  i  s  

 
h 

λ =  
mv 

erehW  ’vm‘  si  eht  mutnemom  fo  eht  elcitrap  .  
 

ehT  evaw  i nqe s  
 

i ( xk  -Ω t ) 

 
 

erehW  ’A‘  si  a tnatsnoc  dna  ’ω‘  a eht si n ralug  erf q neu c fo y  t eh  evaw .  
 
 

yhp fo tpeD s TIBJS ,sci   41 egaP

esahp  

51 P 1YH 2  

 
 
 
 
(kv ) d 

kd  

v org pu = vpha es + k 
 
 

� 
� � 
� 

dv 
kd  

dv esahp  

dΛ 
�� 

� 
�� kd  � 

��
 dΛ

 � → 3(  )  
� 

itnereffiD a nit g  2Π 
Λ2 

 
Λ2 

2Π 

kd  = - 
dΛ 

� � -Λ = 
� 

� 
� �� 

�� - k 
� �� 

� 
� 

h = 
P 

→ 1(  )  

Ψ = A e → 2(  )  
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gnitaitnereffiD  tauqe noi  )2(  htiw  tcepser  ot  ’t‘  wt i ec   

 
2 

= -AΩ e = - Ψ Ω  

 
ehT  noitauqe  fo  a llevart i gn  w eva  si   

 
d y 1 d y = 
dx2 v2 dt 2 

 
erehW  ‘ ’y  si  eht  tnemecalpsid  dna  ’v‘  si  eht  colev ity  .  

 
ylralimiS  rof  eht  ed - eilgorB  evaw  detaicossa  htiw  eht  elcitrap   

 
d Ψ 1 d Ψ = 
dx 2 v2 dt 2 

 
erehw  ’ψ‘  ta tnemecalpsid eht si  t mi e ’t‘ .  

 
( snqe morF 3 & )  4( )  

 
d Ψ = 
dx2 

 
tuB  ω = υπ2  dna  v υ=  λ erehw  ’υ‘  si  eht  qerf u ycne  dna  evaw eht si ’λ‘ length.  

 
d Ψ 
dx 2 

 
 

→ 6(  )  
 
 

h 2 
2mΛ2 

 
gnisU  nqe  5( )  

 
 
 
 

yhp fo tpeD s TIBJS ,sci   51 egaP

d Ψ 
2 td  

→ 3(  )  2 i (kx-Ωt ) 2 

2 2 

2 2 

→ 4( )  

2 Ω 2 

- Ψ 
v2 

2 

2 
d Ψ 4Π 
dx 2 Λ2 

1 = - 
Λ2 

1 
4Π Ψ 

 
P 2 

2m 

→ 5(  )  
2 2 

= - Ψ ro  

1 
2 

K.E = 
 
 

= 

2m 

 
→ 7( )  

m2 v2 

mv2 = = 
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h2 d Ψ = - 
8Π mΨ dx 2 

 
enE latoT gr = E y  + E.K  P  E.  

 
h 2 d Ψ 

8Π mΨ dx 2 

 
h2 d Ψ 

8Π mΨ dx 2 

 
2 2 

= - (E -V )Ψ 

 
2 2 

+ (E -V )Ψ = 0 

 
sihT  si  eht  emit  tnednepedni  regnidorhcS  evaw  eq tau i no   

 
11 ). gnisU  grebnesieH  ytniatrecnu  ,elpicnirp  evorp  taht  nortcele  nnac ot tsixe  in the un elc us.  

4102ceD( )  

 
gnidroccA  ot  eht  oeht ry fo  ivitaler t ,y  the rene gy E fo  a citrap le :si   ²cm =E =  

 
 

erehW  m‘ o’ si  eht  tser  eht fo ssam  citrap l ‘ dna e m ssam eht si ’  nehw  it  s ev l co ity is ’v‘  .  

 
m 2c 4 o 

1 - (v2 / c 2 )= 
I  f ’p‘  si  eht  mutnemom  of eht  rap t elci :  
 

mov 
1-(v2 / c2) 

 
m 2v2c 2 o 

c 2 - v2 

 
yhp fo tpeD s TIBJS ,sci   61 egaP

2 � d Ψ 2 

� - � 
� � 

� h2 

2m 
1 

4Π Ψ 
K.E = 

2 → 8(  )  2 dx 2 

2 

2 +V E = - 

2 

2 E -V = - 

d Ψ 8Π m 
dx 2 h 2 

 
d Ψ 8Π m 
dx 2 h 2 

2 2 

2 m c o 

1 - (v  / c ) 

E 2 = .i e  .  → )1(   
m 2c 6 

o 

c 2 - v2 

.i e. p = vm  =  

²p  =  
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ylpitluM   ²c yb  

 
m 2v2c 4 

 
 

artbuS ( gnitc 2  ) b )1( y  vah ew e  
 

m2c4 (c2 - v2 ) 
c2 - v2 

²E  = ²c²p  + mo
2c4 → 3( )  

 
ebnesieH r s’g  niatrecnu ty elpicnirp  etats s t ah t  

 
∆ . ∆P ≥ 

 
ehT   retemaid o cun eht f l 01 redro eht fo si sue -14m. fI  na  nortcele  si  ot  tsixe   eht edisni  

,suelcun  eht  atrecnu ni ty ni  ti s isop it no  ∆ tsum  ton  ex deec  01 -14m  .  
 

.i e. ∆ ≤ 01 -14m  
 

ehT  muminim  ytniatrecnu  ni  eht  utnemom m  

 
≥ ≥ 5.0  × 01 - 02  s/m.gk  → 5(  )  

max 

 
By gniredisnoc  muminim  niatrecnu ty ni  eht  mutnemom  fo  eht  cele t nor   
 

≥ 5.0  × 01 -20 m.gk /s = p → )6(  
 

redisnoC  nqe  3( )  
 

²E  = ²c²p  + mo
2c4 = c2 p( ²+mo ²c² )  

 
erehW  mo= 11.9  × 10- 13  gk   

 
I  f eht  nortcele  ex stsi  ni  eht  suelcun  sti  rene gy sum t  eb  
 

²E  ≥ 3(  × 01 8)2[ 5.0(  × 01 -20)2 + 11.9(  × 01 - 13 )2 3(  × 01 8)2]  
 
.i e. ²E  ≥ 3(  × 01 8)2 52.0[  × 01 - 04  + 9264.7  × 01 -44]  

 
itcelgeN ng eht  dnoces  et rm sa  ti  si  rellams  by erom  naht  eht  3 dro e sr  fo  t eh  ngam i  edut  

derapmoc  ot  tsrif  mret .  

yhp fo tpeD s TIBJS ,sci   71 egaP

²c²p   =  o 

c 2 - v2 → )2(   

²E  - ²c²p  =  o 

h 
4Π 

x x → 4(  )  

x 
x 

6.6 3×10- 43  

4Π ×10- 41  
(∆Px) nim  

h 
4Π (∆x)  ≥  

nim  (∆Px) ,.e.i   
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gnikaT  qs u era  stoor  no  htob  sedis  dna  ilpmis f iy ng  

 
5.1  ×10 - 21  
6.1  ×10 - 91  

fI  na  nortcele  ex stsi  ni  eht  suelcun  sti  rene gy tsum  eb  aerg t re  naht  or auqe l ot  veM4.9 . tI  is  
yllatnemirepxe  derusaem  taht  eht  ateb  citrap l se  detceje  morf  eht  suelcun  gnirud  ateb  ced ay have  

seigrene  fo  tuoba  3 4 ot  VeM . sihT  swohs  taht  el snortce  tonnac  ex tsi  ni  t eh  cun l sue .  

 
 
 

21 ). etaluclaC  eht  w eva l htgne  detaicossa  htiw  an ortcele n h va ni g .K E ve001  )4102ceD(   

 
 
 

31 ). etaluclaC  eht  w eva l htgne  detaicossa  htiw  an ortcele n h va ni g .K E ve001  )4102ceD(   

01�52.6.6 - 43  

etirW)41  eht  tpmussa i sno  fo  mutnauq  yroeht  fo  oitaidar n a dn  d de u ec   
yaR - snaeJ  wal  f mor  s’kcnalP  al w. )5102enuJ(   

 
cele fo rebmun regral stsisnoc ydobkcalb latnemirepxe eht fo sllaw taht demussa kcnalP tri ac l  

otallicso sr  . sti htiw setarbiv rotallicso hcaE   nwo f qer u cne y  .  
i) hcaE  so rotallic  sah  na  ygrene  nevig  by largetni  elpitlum  fo  hυ erehw  h si  s’kcnalP  atsnoc nt  

& υ qerf eht si u ne c  fo y v arbi it no .  

E = υhn  erehw  n = ,1  ,2  3 . . . etc  .  

)ii  nA  rotallicso  yam  esol  ro  niag  rene gy by gnittime  ro  ibrosba ng ser p evitce ly a noitaidar  o  f  

neuqerf cy υ erehw  ,h/EΔ=υ  EΔ  si  ecnereffid  ni  ene r seig  fo  eht  rotallicso  erofeb  dna  etfa  r  

eht  noissime  ro  noitprosba  ekat  place.  
 
 

roF  ol n reg  evaw len shtg  ams si λ/c = υ ll.  
nehW   υ si  si Tk/υh llams  ev ry sm la l.  

gnidnapxE  eh Tk/υ  sa  rewop  :seires   
e Tk/υh  = 1 + hυ Tk/  + h( /υ )Tk 2 + . . .  
≈ 1 + h /υ Tk .  
fI  Tk/υh  si  ,llams  sti  rehgih  srewop  era  n detcelge  .  

hΝ ch  
= 

kT Λ Tk  
gnitutitsbuS  ni  nqe  :1  

 
yhp fo tpeD s TIBJS ,sci   81 egaP

E ≥ 5.1  × 01 - 21  J  ≥  ve  ≥ 4.9  veM   

𝒉 01�52.6.6 - 43  

01�6.1�001� - 91  

 
Λ = =  

2𝒎𝑬 √ � 01�1.9�2 - 13  
�  1. 23Å  

�  1. 23Å  𝒉  
Λ = =  

2𝒎𝑬 √ � 01�1.9�2 - 13  01�6.1�001� - 91  

ehυ k/ T-1 =  
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� � 

8Πhc 
� Λ � � � 

� � 
 

=  
 

sihT  si  yaR le hgi  snaeJ  waL  fo  oitaidaR  n  
 
51 ). eviG  ruof  i atropm nt seitreporp  fo  rettam  sevaw . )5102enuJ(   

 
1. sevaW  detaicossa  htiw  gnivom  selcitrap  era  dellac  rettam  sevaw . The aw v htgnele  ’λ‘  fo  ed a - 

eilgorB  evaw  detaicossa  htiw  elcitrap  fo  ssam  ’m‘  gnivom  htiw  olev ic ty 'v' si   

vm(/h = λ )  
 
2. rettaM  aw v se  are on t gamortcele n cite  aw v se  esuaceb  eht  ed  rB o eilg  elevaw n htg   si  

tnednepedni  fo  ch egra  fo  eht  gnivom  citrap le.  
3. ehT  icolev ty fo  rettam  sevaw  v( P) si  on t noc ts na t. ehT  htgnelevaw  si  esrevni ly lanoitroporp  ot   

eht  icolev ty of eht  gnivom  elcitrap .  
4. rethgiL  eht  p ,elcitra  lo regn  lliw  eb  eht  evaw l htgne  fo  eht  rettam  ,sevaw  icolev ty b  gnie  

natsnoc t.  
5. roF  a p elcitra  ta  tser  eht  elevaw n htg  ssa o detaic  w hti  ti  oceb m se  fni i etin . sihT  swohs  taht  no l  y  

gnivom  elcitrap  secudorp  eht  rettam  sevaw .  
61 ). puteS  emit  tnednepedni  regnidörhcS  evaw  noitauqe  f ro  eerf  rap t elci  ni  one di em nsion  .  

redisnoC  a elcitrap  fo  ssam  ’m‘  gnivom  htiw  icolev ty ’v‘  ehT  ed - eilgorB  elevaw n htg  λ‘ ’  
is 5102enuJ( )  
 

h 
 = λ  

mv 

erehW  ’vm‘  si  eht  utnemom m fo  eht  trap icle.  
 

ehT  evaw  i nqe s  
 

i ( xk  -Ω t ) 

 
 

erehW  ’A‘  si  a tnatsnoc  dna  ’ω‘  a eht si n ralug  erf q neu c fo y  t eh  evaw .  
 

gnitaitnereffiD  noitauqe  )2(  htiw  tcepser  ot  ’t‘  wt i ec   

 
 
 
 

 fo tpeD yhp s TIBJS ,sci   91 egaP

� �dΛ 
ch  

� � � 
Λk
T 

� � � 

� � 
Uλ λd  =  

5 

8Π Tk  
� �dΛ 

Λ
4 

� � 
� � 

→ 1( )  
h = 
P 

Ψ = A e → 2(  )  
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2 

2 i (kx-Ωt ) 2 

td  

ehT  noitauqe  fo  a llevart i gn  w eva  si   
 

d y 1 d y = 
dx2 v2 dt 2 

erehW  ‘ ’y  si  eht  tnemecalpsid  dna  ’v‘  si  eht  colev ity  .  
 

ylralimiS  rof  eht  ed - eilgorB  evaw  detaicossa  htiw  eht  p elcitra   
 

d Ψ 1 d Ψ = 
dx 2 v2 dt 2 

 
erehw  ’ψ‘  ta tnemecalpsid eht si  t mi e ’t‘ .  

 
( snqe morF 3 & )  4( )  

 
d Ψ Ω 2 
dx2 v2 

 
tuB  ω = υπ2  dna  v υ=  λ erehw  ’υ‘  si  eht  qerf u ycne  dna  evaw eht si ’λ‘ length.  

 
d Ψ 4Π = - 
dx 2 Λ2 

 
m2 v2 

mv2 = = 
 
 

h 2 
= 

2mΛ2 

 
gnisU  nqe  5( )  

 
h2 d Ψ = - 

8Π mΨ dx 2 

 
enE latoT gr = E y  + E.K  P  E.  

 
yhp fo tpeD s TIBJS ,sci   02 egaP

2 

d Ψ = -AΩ e = - Ψ Ω  → 3(  )  

2 2 

2 2 

→ 4( )  

2 

= - Ψ 

2 2 

Ψ ro  
2 1 

4Π Ψ 

 
P 2 

2m 

d Ψ 
dx 2 

 
 
→ 6( )  

2 

1 = - 
Λ2 → 5(  )  

1 
2 

K.E = 

� 
� 

2 
� - 

2m 

 
→ 7( )  

 
 
 
 

1 
4Π Ψ 

� d Ψ 2 

� 
� 

2 h2 

2m 
K.E = → 8(  )  

dx 2 2 
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h 2 d Ψ 
8Π mΨ dx 2 

 
h2 d Ψ 

8Π mΨ dx 2 

 
 

(E -V )Ψ 

 
2 2 

+ (E -V )Ψ = 0 

 
sihT  si  eht  emit  tnednepedni  regnidorhcS  evaw  eq tau i no   

 
71 ). etaluclaC  eht  rene gy ni  ve  , rof  eht  f tsri  deticxe  etats  fo  na  nortcele  in an infin  eti  

o llew laitnetop f tdiw h A2 O 102enuJ( 5  )  
 
 

01X830.6= - 81  e7.73= V  
8𝑋2𝑋 01 -10𝑋 1.9 𝑋 01 -31 

81 ). etatS  ed  eilgorB  hy ehtop sis  dna  ohS  w taht  eht  org up yticolev  of the de eilgorB  w seva  fo   
a lacitrap  lauqe si  ev l co i yt  of the p tra i elc . 5102enuj( ).  
Li thg  ex stibih  eht  nonemonehp  fo  erefretni n ,ec  d ,noitcarffi  ,noitaziralop  cirtceleotohp  tceffe  na d  

notpmoC  tceffe .  
ehT  nonemonehp  of ecnerefretni , noitcarffid  dna  noitaziralop  dluoc  eb  explai den  no ly on  

eht  sisab  fo  w eva  eht o yr  fo  li .thg  suhT  the gil ht ex bih ti  evaw  .erutan  rehtO  onemonehp n kil e  
cirtceleotohp  ,tceffe  Co notpm  ffe e tc  cte . dluoC  no ly eb  ex denialp  orht u hg  eht  mutnauq  th oe ry of  

thgil . gnidroccA  ot  hcihw  a maeb  fo  thgil  stsisnoc  fo  llams  stekcap  hcae  ivah ng rene gy hν.  
esehT  p stekca  era  dellac  snotohp  hcihw  ah ve rp o seitrep  ekil  p selcitra . Th su  otohp  cele t cir  ffe ect  

dna  notpmoC  tceffe  etacidni  taht  thgil  ssessop  elcitrap  an tur .e  ecneH  ew  ulcnoc de taht  gil ht  
ex stibih  aud l an t eru .  

eD  rB o eilg  su segg t de  th ta  rettam  osla  ex stibih  laud  erutan  ekil  thgil  dar i snoita  ta   emos  
rehto  stnatsni . nI  rehto  sdrow  pa selcitr  of rettam  ekil  nortcele s dna  p or t no s a sl o exhibits vaw e  

treporp sei . ccA o idr ng ot  ed  rB o eilg  h ,sisehtopy  a gnivom  elcitrap  si  detaicossa  htiw  sevaw   eht  
sevaw  detaicossa  htiw  eht  selcitrap  fo  retam  ekil  snortcele  era  onk wn sa  rettam  sevaw  or  

eilgorBed  sevaw . sihT  si  gi nev  by  

Λ = =  

ehT  evoba  noitauqe  si  k nwon  sa  ed  rB o eilg  evaw  noitauqe . ecneH  ed  rB o eilg  w eleva n tg h  
sdneped  nopu   ssam eht o eht f  elcitra  dna  it  s ev l co ity  .  
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2 

2 E -V = - 
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P vm  
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noitaleR  neewteb  puorg  yticolev  dna  elcitrap  ev lo ytic :  

ehT  noitauqe  rof  puorg  icolev ty i  s  
dΩ v org pu  =  

kd  
tuB  υπ2=ω  = 2 → )h/E(π  2( )  

 
→ 3( )  

eW  evah  π2 = k /  = λ 2 (π /p )h  → 4( )  

→ 5( )  

gnidiviD  nqe  )3(  by )5(   evah ew  
dΩ Ed  = 
dk Pd  

tuB  ew  h eva  E = P2 ,)m2(/  erehW  i ’P‘ t s eh  m mo e utn  m fo  eht  trap i elc  .  
dE 2P P = = 
dP 2m m 
eht gnisU  evoba  ni  nqe  (  )6  
dΩ P = 

kd  m 
tuB  p = vm p elcitra , erehW  v‘ elcitrap ’ si  eht  icolev ty fo  eht  elcitrap  .  

mv 
= = v → 7( )  

m 
morF  ( nqe 1)  ,)7( & w  e h  eva  

v org pu  = vp ra t elci  → 8( )  
... ehT  ed  rB o s’eilg  wave puorg  detaicossa  htiw  a elcitrap  art v sle  htiw  a icolev ty lauqe  ot   eht  

icolev ty fo  eht  elcitrap  ti s fle .  
 
91 ). etatS  dna  nialpxe  grebnesieH  ytiniatrecnu  pr ni c lpi e . ( )5102enuJ .  

 
gnidroccA  ot  lacissalc  scinahcem  a elcitrap  ucco p sei  a etinifed  ecalp  ni  ps eca  dna  sessop s se   

a etinifed  mutnemom . fI  eht  noitisop  dna  mutnemom  fo  a elcitrap  si  wonk  n ta  an sni y t na  t fo  it m  ,e  
ti  si  elbissop  ot  etaluclac  sti  noitisop  dna  mutnemom  ta  any l reta  tnatsni  fo  t mi e. ehT  htap  fo  eht   

elcitrap  dluoc  eb  decart . sihT  tpecnoc  skaerb  od wn ni  mutnauq  scinahcem  dael i gn  ot   
ebnesieH r s’g  niatrecnU ty elpicnirP  cca o gnidr  ot  hcihw  tI“  si  elbissopmi  ot  erusaem   

suoenatlumis ly htob  eht  noitisop  dna  mutnemom  fo  a citrap le arucca tely. fI  ekam ew   ot troffe na  
erusaem  ev ry etarucca ly eht  p noitiso  fo  a ,elcitrap  ti  sdael  ot  egral  niatrecnu ty ni  eht  saem u tnemer   

fo  mutnemom  dna  eciv  asrev .  
fI  ∆ dna  ∆P era  eht  un seitniatrec  ni  eht  nemerusaem t fo  tisop i no  dna  om m ne tum fo  th  e  

elcitrap  neht  eht  atrecnu i ytn  nac  eb  nettirw  sa   
 

∆ . ∆P 4/h( ≥ π)  
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Ed  dΩ = 2Π 
h 

2Π 
h 

kd  = Pd   

→ 6( )  

dΩ 
kd  

elcitrap  
elcitrap  

x x 

x x 
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nI  any suoenatlumis  noitanimreted  of eht  noitisop  dna  mutnemom  fo  eht  ,elcitrap   eht  

tcudorp  fo  the co opserr n gnid  un seitniatrec  ni h tnere ly pr tnese  ni  eht  aem s tnemeru  si  qe u la  ot  or  

retaerg  naht  π4/h  .  
 

ylralimiS , )1  t∆.E∆  ≥ π4/h  sihT  noitauqe  stneserper  niatrecnu ty ni  rene gy dna  emit . E∆  i  s  

ytniatrecnu  ni  ,ygrene t∆  si  eht  niatrecnu ty ni  emit .  
 

)2  ∆ .L ∆θ ≥ h/ π4  sihT  noitauqe  stneserper  niatrecnu ty ni  ugna l  ra  

(mutnemom )L∆  dna  an ralug  tnemecalpsid (∆ )θ   
 
20). fo seitreporp eht feirb ni nialpxE  wa  ev f  a fo noitcnuf evaw eht fI . noitcnu p acitra etinifni na ni l  op t  laitne b i a htdiw fo xo s  

n(nisB=Ψ itisop eht si X erehw )a/XП o n mutnauq eht si n dnaa n u f , rebm i  dn B.  

( )5102enuJ   
 
 

seitreporP  fo  eht  evaw  uf nct oi n:  

 
A metsys  ro  etats  fo  eht  elcitrap  si  denifed  by its ene gr ,y  ,mutnemom  noitisop  .cte  fI   eht  

evaw  uf n noitc  ’ψ‘  fo  the s metsy  si  ,nwonk  the s metsy  nac  eb  denifed . The aw ve noitcnuf  ‘ψ’  fo  

ht e s etsy m egnahc s with its etats . To fi dn  ’ψ‘   

regnidorhcS  noitauqe  sah  to eb  devlos . sA  ti  is a noces d redro   

laitnereffid  ,noitauqe  ereht  era  es v are l tulos i sno . llA  t eh   snoitulos  

may ton  be co .tcerr  We evah  ot  celes t tho es  aw ve cnuf t snoi   

hcihw  era  elbatius  ot  eht  s .metsy  ehT  batpecca le evaw  noitcnuf   

sah  ot  ssessop  eht  lof l gniwo  orp p re t :sei  

 
‘)1 ψ’ si  elgnis  deulav  yreve hw :ere  redisnoC  eht  tcnuf i no  (f  ) hcihw  rav i se  htiw  noitisop   sa  

detneserper  ni  eht  hparg . ehT  noitcnuf  (f x) sah  eerht  seulav  f1, f2 dna  f3 at = p. ecniS  f1 ≠ f2≠  

f3 ti  si  ot  state taht  if (f  ) erew  ot  eb  eht  evaw  tcnuf i no . ehT  ilibaborp ty fo  gnidnif  eht  itrap cl  e  

sah  eerht  effid re tn  seulav  ta  eht  emas  l taco i no  whi hc  si  on t .eurt  suhT  eht  evaw  noitcnuf  is on t  

elbatpecca .  
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‘)2 ψ’ si  etinif  :erehwyreve  redisnoC  eht  uf n tc i no  (f  ) hcihw  eirav s htiw  noitisop   sa  

detneserper  ni  eht  gr hpa . ehT  noitcnuf  (f  ) si  ton  etinif  ta  R=  ub t (f  =) ∞. hT us ti  acidni et s  

egral  ytilibaborp  fo  dnif i gn  eht  elcitrap  ta  a noitacol . tI  setaloiv  ytniatrecnu  elpicnirp . suhT   eht  

evaw  uf n noitc  si  ton  elbatpecca .  
 
 
 
 
 
 
 
 
 
 
 

‘)3 ψ’ dna  sti  f tsri  sevitavired  htiw  tcepser  to sti  selbairav  era  nitnoc uous yreve wh ere :  

redisnoC  eht  cnuf ti no  f( ) hcihw  v seira  htiw  p noitiso  sa  neserper t de  in eht  .hparg  The  

noitcnuf  (f  ) si  detacnurt  ta  Q=  teb w nee  eht  niop ts A & ,B  eht  etats  fo  t eh  s metsy  si  on t  

nifed ed. oT  niatbo  eht  evaw  noitcnuf  detaicossa  htiw  eht  ,metsys  ew  ah ve ot  evlos  egnidorhcS  r  

evaw  noitauqe . ecniS  ti  si  a dnoces  redro  laitnereffid  evaw  ,noitauqe  eht  evaw  tcnuf i no  dna  i st   

tsrif  evitavired  tsum  eb  suounitnoc  ta  x .Q=  sA  it si  a suounitnocsid  evaw  cnuf t ,noi  t eh  aw ve  

noitcnuf  si  ton  elbatpecca .  
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roF  dnuob  setats  ’ψ‘  m tsu  hsinav  ta  netop it al adnuob ry dna  .edstuo  fI  ’*ψ‘  si  a elpmoc x  

,noitcnuf  neht  *ψ  ψ tsum  osla  hsinav  ta  laitnetop  adnuob ry dna  edistuo  .  
 

ygrenE  negiE  seulav  fo  a elcitrap  ni  eno  ,lanoisnemid  etinifni  tnetop i la  w lle  op( t ne t ai l  

llew  fo  etinifni  ped )ht  ro  ap a fo tr ci le in a .xob  

 
Y- sixA   

 
V=∞  

V  

 
 
 

elcitraP   

 
 
 
 
 
 

redisnoC  a elcitrap  of a ssam  ’m‘  eerf  ot  evom  ni  eno  di nem is no  gnola  po is evit  - 

noitcerid  teb w nee  0=  ot  a= . The aitnetop l rene gy edistuo  ht is re oig n si  infini et  na d  

nihtiw  eht  noiger  is z .ore  ehT  elcitrap  si  ni  dnuob  etats . hcuS  a oc n gif u tar i no  fo  aitnetop l  

ni  ecaps  si  dellac  etinifni  laitnetop  llew . tI  si  osla  dellac  elcitrap  ni  a ob x. ehT  dörhcS i gn er  

noitauqe  edistuo  lew eht l is  

 
(E - ∞)Ψ = 0  )1( →  
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0=V   

 
 
 
 
 

x=0 xx a=   

V=∞  

 
 
 
 
 

X-A ix s  

x 
x x 

8Π 
m + 

h 2 

2 2 d Ψ 
dx 2 ∵V = ∞  
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roF  ,edistuo  eht  oitauqe n sdloh  doog  fi  ψ = 0 & |ψ ²|  = .0  tahT  si  elcitrap  tonnac  eb  nuof d  

edistuo  eht  llew  dna  osla  eht ta  aw lls  
 

ehT  idorhcS n s’reg  tauqe i no  edisni  eht  llew  :si   

 
2 

2( → ) ∵V = 0  
 
 

h 2 d Ψ 
8Π m dx 2 

 
eht ni si sihT  rof  m Ĥ  ψ = Eψ  

 
sihT  si  na  negiE - eulav  noitauqe .  

 
2 

Let E = k ni  nqe  2(  )  
 
 

2 

+ k Ψ = 0 
 
 

ehT  noitulos  fo  siht  auqe it no   :si  
 

ψ = C soc  k nis D +  k → 4(  )  

 
at = 0 → ψ = 0  

 
0 = C soc  0 + D nis   0  

 
∴ C =  0  

 
slA o = a → ψ = 0  

 
0 = C aksoc  + D sin ka  

 
tuB  C = 0  

 
∴D sin ak  = 0 5( )  

 
D≠0 uaceb( se eht  w eva  co tpecn  sehsinav  )  
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2 d Ψ 
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- 

8Π 
m + 
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2 

→ 3( )  = EΨ  2 

8Π 
m 

h 2 

2 

d Ψ 
dx 2 

2 

x x 

x 
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.i e. ak  = nπ ehw re n = ,0  ,1  ,2  …4 ,3  utnauQ(  m nu rebm )  

 
nΠ 
a 

 
nisU g siht  nqe ni  4( )  

 
 

= D s ni  

 
hcihW  sevig  ep r dettim  evaw  cnuf t snoi  .  

 
oT  dnif  tuo  eht  eulav  fo  ,D  noitazilamron  fo  eht  evaw  uf nc it no  si  ot  eb  enod .  

 
a 

∫ Ψ xd  = 1 → 8( )  
0 

 
 seulav eht gnisu o ψ f n morf  nqe  7( )  

 
nΠ 
a 

1 - soc 2( nΠ / a) x 

sin2 Θ =� 

dx x� = 1 
� 

a 

x� = 1 

 
[a - 0] = 1 

 
a = 1 

 
2 
a 

ecneH  eht  no dezilamr  evaw  uf n snoitc  fo  a p elcitra  in eno  di nem sion la  fni ini et  op t ne it al  

lew l i :s   

2 
Ψ = 

a 
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k =  → 6(  )  

nΠ x 
a n → 7(  )  Ψ 

2 .i e.  n 

a 

∫ 
0 

D 2 nis  xdx  = 1 2 

∫ � � 
0 2 � � 

� xd  = 1 
a 

D 2 

� � 
� 
� 

1- soc  2Θ 
2 

∫ ∫ soc  2nΠ 
a 

2nΠ 
a 

D 2 

2 

D 2 

2 

D 2 

2 
D 2 

2 

D = 

� 
� a 

a 
� � 

xd  - � 
� 0 0 

a 
2nΠ � x - 

� 
� � � 0 

s ni  

→ 9( )  

 
 
 

72 egaP   

nΠ x 
a 

nis  n 
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ehT.)12  w htgneleva  fo  a f tsa  ortuen n of sam s 01X576.1 - 72  kg si  mn20.0 . etaluclaC  the  

puorg  yticolev  dna  esahp  ev l ytico  of its de B gor il e w seva  )5102enuJ(   

 
=gV  = = 01X89.1 4 sm -1  

 
VP=  =  

𝑽𝑮 

eludoM - II   
m fo seitreporp lacirtcelE a lairet s  

 
 
 

xE.)1 seruliafnialp  fo  lacissalc  eerf  nortcele  naj(.yroeht  )3102  102yluJ( 4)  
 

lacirtcelE  dna  lamreht  seitivitcudnoc  nac  eb  ex denialp  morf  lacissalc  eerf  el nortce  oeht ry. tI  sliaf   
ot  tnuocca  eht  stcaf  hcus  sa  cificeps  ,taeh  erutarepmet  ecnedneped  fo  ivitcudnoc ty dna   

ecnedneped  fo  lacirtcele  ytivitcudnoc  no  el nortce  noitartnecnoc .  
cificepS)a(  taeh  yticapac   

ehT  ralom  ceps i cif  taeh  of latem  ta  tnatsnoc  ov l emu  si   

Cv = 2R  

tuB  ex latnemirep ly eht  noitubirtnoc  ot  eht  cificeps  taeh  icapac ty by eht  co noitcudn   
rtcele sno  dnuof si  ot   eb  

Cv = 01 -4  TR  
suhT  eht  detciderp  v eula  si  hcum  rehgih  th na  eht  ex rep i atnem l av l eu . rehtruF  eht  oeht ry  
setacidni  on  pihsnoitaler  neewteb  eht  cificeps  h ae  t icapac ty dna  epmet r eruta . yllatnemirepxE   
,revewoh  eht  cificeps  taeh  icapac ty si  tcerid ly orp p lanoitro  ot  eht  etulosba  erutarepmet  .  

)b(  ecnednepeD  fo  cele t lacir  ytivitcudnoc  no  tarepmet ur :e   
idroccA ng ot  eht  niam  as snoitpmus  fo  eht  lacissalc  eerf  nortcele  eht ory  .  

Tk   =  
 

vth� T  
ehT  naem  noisilloc  it em  Τ si  esrevni ly lanoitroporp  ot  eht  lamreht  icolev ty.  

1 
Τ� htv  

1 �Τ�√T  

lacirtcelE ly ytivitcudnoc  Σ si  nevig  by  
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3 

vm th  
3 
2 

1 
2 

�vth =  
m 

�3kT 

√ 

2 
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ne2τ 
Σ =  

m 

1 �Σ�Τ�√T  

1 
Σ roeht y�√T  

 
 
 
 

tuB  ex latnemirep ly ti  si  dnuof   taht  
 
 

niagA  ti  si  dnuof  taht  eht  noitciderp  fo  eht  oeht ry is ton  gnihctam  htiw  eht  ex rep i atnem l user stl .  

)c(  D ecnednepe  fo  lacirtcele  ytivitcudnoc  no  nortcele  necnoc t oitar n: 

gnidroccA  ot  lacissalc  oeht ry lacirtcele  ivitcudnoc ty Σ si  nevig  by.  

ne2τ 
Σ  =  

m 

σ eroferehT   α n  

sihT  snaem  taht  tnelavid  dna  tnelavirt  slatem , htiw  regral  tartnecnoc i no  fo  le e snortc  luohs d  

ssessop  hcum  gih h re  lacirtcele  ivitcudnoc ty th na  tnelavonom  ,slatem  hcihw  si  dartnoc ic it no  to eht   

devresbo  tcaf . ehW er  latnemirepxe ly ti  si  dnuof  taht  sa  ’n‘  ,sesaercni  Σ si  ton  dnuof  ot  i aercn se.  

ehT  ivitcudnoc ty of tnelavonom  slatem  .g.E[  co ,repp  ]revlis  si  retaerg  t nah  taht  fo  tnelavid  na d  

tnelavirt  slatem  .g.E[ : iz ,cn  ula m uini ]m  .  
 

**** [ ehT  nortcele  oc n snoitartnec  rof  cniz  dna  muimdac  era  01×1.31 28/m3 dna  01×82.9 28/m3  

hcihw  era  hcum  rehgih  naht  taht  rof  reppoc  dna  ,revlis  eht  seulav  fo  hcihw  era  01×54.8 82 m/ 3  dna  

01×58.5 28 m/ 3 vitcepser le .y  cniZ  dna  muimdac  hcihw  era  tnelavid  slatem  evah  tcudnoc ivit ei s  

01×90.1 7/ mΩ  dna  51.0 x 01 7/Ωm. esehT  era  hcum  ressel  naht  taht  fo  mo avon l tne  slatem  poc per  

dna  revlis  eht  seulav  fo  hcihw  era  01x88.5 7/ mΩ  dna  01x3.6 7/Ωm er s evitcep ly.]  
 
 

)2 . tahW  era  eht  stirem  fo  mutnauq  eerf  nortcele  naJ(?yroeht  )3102   
 
)a  cificepS  h  :tae  

idroccA ng ot  lacissalc  fr ee  ortcele n oeht ry lla  eht  eerf  nortcele s ni  a atem l rosba b eht  h tae  ene rgy  

nehw  a em t la  si  detaeh . tI  stluser  ni  a egral  eulav  fo  ceps i cif  he .ta  But sa  rep  qu mutna  rf ee  

nortcele  oeht r ,y  no ly a wef  snortcele  taht  era  o cc pu iy ng en re gy evel sl  olc se ot  imreF  ene gr y evel l  
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→ laciteroehT ly deniatbo   

 
Σ xe p�1  

T 
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EF brosba  eht  taeh  ygrene  ot  teg  ex detic  ot  gih h re  rene gy slevel  dna  noc tr etubi  rof  cificeps  h .tae   

ecneH  eht  eulav  fo  cificeps  taeh  si  yrev  llams .  

idroccA ng ot  mutnauq  fr ee  nortcele  oeht ry eht  sp cifice  taeh  of sdilos  si  gi nev  by  

Cv = 01 -4RT  

ehT  evoba  tluser  ga r see  llew  htiw  eht  ex latnemirep ly devresbo  lav u se .  
 
 
b) erutarepmeT  ecnedneped  of cele t lacir  tcudnoc ivi :yt   

 ,evah eW Σ  =  
 

Σ = m� vf  )1( …………  

 
 

sA  rep  mutnauq  eerf  nortcele  oeht r ,y  Ef dna  Vf era  nepedni d tne  fo  .erutarepmet  tuB  Λ is  

tnedneped  no  erutarepmet  dna  si  explai den  as  .  

sA  eht  fr ee  snortcele  esrevart  ni  a latem  ht ey teg  erettacs d by itarbiv ng oi ns fo  eht  ecittal . The  

snoitarbiv  ucco r ni  us ch a way taht  ht e ecalpsid m tne  fo  snoi  at k se  p al ec  e lauq ly in lla  direc it no s.  

ecneH  snoi  may eb  ssa u dem  ot  eb  tneserp  e evitceff ly in a ic r uc lar sorc s s ce it no  of area Πr2 hw ic  h  

skcolb  eht  tap h fo  eht  el snortce  evitcepserri  fo  noitcerid  fo  rppa o ca h [ eh re r is eht  ampl eduti  of  

tarbiv i no ].  

ehT  snoitarbiv  fo  regral  aera  fo  ssorc  noitces  rettacs  erom  evitceffe l ,y  ereht by r icude ng Λ  

�Λ� …… ….  )2(  

tuB   

a) ehT  rene gy E fo  eht  biv r gnita  ob dy si  lanoitroporp  ot  eht  erauqs  fo  lpma ti u  ed  

b) E si  eud  ot  ne lamreht ygre .  

c) E si  lanoitroporp  ot  utarepmet re T.  

�r2� T  

�Λ� ……… .. …  )3(..  

gnirapmoC  )1(  & )3(   

suhT   

suhT  eht  tcaxe  edneped n ec  fo  Σ no  si T  ex alp i den .  

c). lacirtcelE  ytivitcudnoc  dna  nortcele  ecnoc tn tar ion:  
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ehT  eerf  ortcele n ledom  stseggus  t ah t Σ si  lanoitroporp  ot  nortcele  ecnoc n noitart  ’n‘  tub  t avir l ne t  

slatem  hcus  sa  munimula  dna  muillag  gnivah  erom  nortcele  noitartnecnoc  naht  taht  fo  nelavonom  t  

,slatem  evah  rewol  lacirtcele  itcudnoc iv ty naht  mo tnelavon  slatem  hcus  sa  reppoc  dna  revlis .  

gnidroccA  ot  mutnauq  eerf  nortcele  yroeht .  

Σ = �v �  

tI  si  raelc  f mor  eht  evoba  noitauqe  taht  Σ sdneped  eht & ’n‘ htob no  ar it o �v �.  

)3 . enifeD  imreF  dnaygrene  imreF  rotcaf . ssucsiD  noitairav  of imreF  rotcaf  tiW h  
et m utarep er . )3102yluJ(  J( u )4102yl   

 
rednU  lamreht  muirbiliuqe  eht  erf e snortcele  ca q eriu  ene gr y obe iy ng a lacitsitats  elur  nk own  

sa  imreF - cariD  imreF.scitsitats -Di car  noitubirtsid  slaed  htiw  eht  tubirtsid i no  fo  le e snortc  oma ng  

eht  p dettimre  en re gy evel l .s  ehT  dettimrep  rene gy l sleve  era  the ch scitsiretcara  fo  eht  evig n  

iretam al. The isned ty of eht  etats  uf n noitc  )E(g  ahc n eg s htiw  en re gy in a dnab . ehT  un m eb r  fo  

ygrene  slevel  ni  eht  tinu  emulov  fo  eht  lairetam  i  n eht  rene gy ar n eg  E & )Ed+E(  si  Ed)E(g  .  

hcaE  nortcele  lliw  evah  i st  nwo  ene gr y eulav  hw i hc  si  tnereffid  morf  lla  ot sreh  ex pec t th  e  

eno  htiw  isoppo te nips . ehT  rebmun  fo  nortcele s htiw  rene gy ar n eg  E )Ed+E(&  ni  tinu  emulov  si   

N )E(  Ed  hcihw  si  eht  tcudorp  fo  eht  rebmun  fo  e ren gy l sleve  ni  eht  emas  ar n eg  dna  eht  mref i  

otcaf r. 

... N )E(  Ed  = )E(g×)E(f dE.  

tuB  (f E) dna  )E(g  ta  a erutarepmet  T chan seg  no ly htiw  E. Th ta  ,si  (N E)dE ta  a evig n epmet r ruta  e  

egnahc  E htiw .  

ehT  tolp  fo  Ed)E(N  susrev  E stneserper  eht  lautca  tubirtsid noi  fo  snortcele  gnoma  eht   elbaliava  

setats  rof  eht  m laireta  ta  tnereffid  t arepme ture .s  ehT  noitubirtsid  si  k nwon  as Fe imr – riD ca   

rtsid i oitub n. imreF - cariD  noitubirtsid  stneserper  t eh  deliated  noitubirtsid  fo  cele t snor  oma ng the  

suoirav  elbaliava  rene gy slevel  fo  a lairetam  ednu  r lamreht  muirbiliuqe  idnoc it no s.  

imreF -Di car  noitubirtsid  nac  eb  deredisnoc  ni  eht  gniwollof  eerht  oitidnoc n :s  tA  ,K0=T  at >T  K0   

dna  >>T 0 ehT.K  tolp  fo  )E(N  susrev  E rof  lla  eht  eerht  sesac  si  ni  eht  fig  .  
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imreF  ,rotcaf f )E( : ehT  snortcele  ni  eht  rene gy l sleve  raf  woleb  imreF  level  tonnac  brosba  th  e  

ygrene  evoba  etulosba  orez  tarepmet u .er  tA  yranidro  erutarepmet  esuaceb  ereht  era  on  nacav t  

rene gy l sleve  oba ve imreF  level  otni  hcihw  snortcele  dluoc  teg  otni  retfa  ibrosba ng the t mreh al  

grene y. ohT u hg  eht  ex snoitatic  era  ,modnar  eht  di snoitubirts  fo  snortcele  ni  suoirav  ene gr y evel ls  

lliw  eb  s yllacitametsy  go denrev  by a st lacitsita  fu noitcn  ta  eht  aets d etats y .  

ehT  ytilibaborp  )E(f  taht  a nevig  ygrene  etats  htiw  ene gr y E si  deipucco  ta  a aets dy  
 
 

)E(f  si  dellac  eht  mreF i rotcaf  .  
+1 

 
,suhT  “ imreF  rotcaf  si  eht  ytilibaborp  fo  ucco p noita  fo  a gi nev  ygrene  ats te f ro  a am t laire  i  n  

lamreht  iliuqe .”muirb  

)i(  ytilibaborP  fo  noitapucco  f ro  E E< f ta  T = 0°K  

nehW  0=T °K E<E& f  
 

1 = 
0� 1 

)E(f  = 1 rof  E < EF  

ecneH , )E(f  = 1 snaem  t eh  energy l leve  si  rec t nia ly o deipucc , & E<E F lppa i se  ot  lla  the evel ls  

woleb  EF.  

� tA  0=T ° ,K  lla  eht  rene g el y v  sle oleb w level imreF eht   era lla  oc puc i de .  

ii( ) ytilibaborP   rof noitapucco fo  E > EF ta  T= 0°K  

nehW  T 0= °K & E > EF 

)E(f   =  
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)E(f  = 0 rof  E > EF  

� tA  0=T °K lla  eht  rene g el y v  sle voba e imreF  level  era  eipucconu d.  

In weiv  fo  eht  oba ve t ow  ac s ,se  at 0=T °K eht  noitairav  of )E(f  rof  d nereffi t rene gy val seu ,  

semoceb  a pets  noitcnuf  sa  ni  fig.  

(i )ii  ytilibaborP  fo  noitapucco  ta  yranidro  repmet atu er s.  

tA  anidro ry ,serutarepmet  hguoht  eht  lav ue of ilibaborp ty sniamer  1 rof  <<E  EF ti   strats  

gnisaerced  morf  1 sa  eht  seulav  fo  E emoceb  resolc  ot  EF.  

tA  E = EF&T > 0° k  
f E( )  

1.0 
 
 

.0 5 

 
f =)E(   

0 
,rehtruF   rof E E> f rp eht , o ilibab t  y  

eulav  f slla  ffo  ot  orez  dipar ly. suhT  tolp  fo  )E(f  V  s E ta  tnereffid  epmet r uta r se .  

imreF  :erutarepmeT   

imreF“  erutarepmet  si  eht  erutarepmet  ta  hcihw  eht  egareva  lamreht  ygrene  fo  eht  eerf  cele t or n  

ni  a dilos  ceb o sem  qe u la  ot  eht  F mre i en gre y at 0°K ”. tuB  eht  th re m la  rene gy essessop d b  y  

snortcele  si  nevig  by eht  fo tcudorp  Tk .  

tI  snaem  nehw  T = TF Tk, F = EF0 si  seifsitas .  

tuB  lla  lacitcarp  esoprup s, EF=EFo  

 
 
�  TF =  
 

imreF  erutarepmet  si  ylno  a lacitehtopyh  tpecnoc  esuaceb  neve  ta  yranidro  t erutarepme  ti  si   ton  

elbissop  rof  snortcele  ot  iecer ve lamreht  rene gy in a edutingam  fo  FE . roF  ex elpma  ta  FE  =  ve3  

FT  = 00843  K hcihw  e etiuq si x egga r ot deta  rea zil e.  

18). tahW  si  naem  noisilloc  ?emit  gnisU  eerf  nortcele  yroeht  ni  a latem , ob iat n an  
noisserpxe  rtcele laci  ytivitcudnoc  ni  smret  fo  naem  noisilloc  uJ(.emit l )3102y   

ehT“  egareva  emit  taht  sespale  neewteb  owt  evitucesnoc  snoisilloc  fo  na  nortcele  with t eh  l tta i ec   
stniop  si  naem  noisilloc  ti .em ” tI  si  nevig  a  s  

Τ = v  erehW Λ - eerf naem   htap  

v - latot  icolev ty of eht  snortcele  due ot  eht  co denibm  ffe ec  t  fo  
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lamreht  dna  tfird  lev oci eit s.  

 
fI  a tnatsnoc  cirtcele  leif  d E si  deilppa  ot  eht  latem  eht  e  nortcel o ssam f  m a dn  ahc r eg  e w li  l  

ecneirepxe  a ,ecrof  =F  - eE.  

=F  - eE gnivird  ecrof  no  eht  nortcele  hcihw  stluser  ni  eht  tfird  icolev ty vd  ,  

nehT  eht  atsiser n ec  fo ecr  dereffo  ot  its mot noi  si   

erehw  Τ naem  noisilloc  it em   

 
 

mvd 

Vd = �𝒆𝑬� Τ 

 etoN : ,ytisned tnerruC  J  =  

 
J = ven d I = veAn d  

 
 

lacirtcelE  ytivitcudnoc  in me lat s  

2  
𝝈 = ne Τ

  
m 

tahW.)4  era  eht  ssa ump snoit  edam  ni  mutnauq  eerf  nortcele  ?yroeht  E nialpx  sseccus  th si   
oeht ry. ceD(   )4102  

 
pmussA t snoi :  

 
1. ehT  ygrene  seulav  fo  eht  noitcudnoc  snortcele  era  dezitnauq . ehT  dewolla   ygrene  

seulav  era  dezilaer  ni  smret  fo  a e fo tes ne gr y av l seu .  
2. ehT  noitubirtsid  fo  snortcele  ni  eht  suoirav  dewolla  rene gy slevel  cco ur sa  rep  ’iluaP s  

ex noisulc  elpicnirp  dna  osla  o yeb  eht  imreF  – cariD  mutnauq  sta it s it sc .  
3. ehT  dleif  eud  ot  evitisop  noi  eroc  si  tnatsnoc  tuohguorht  eht  retam ial. oS  nortcele s  

levart  ni  a tnatsnoc  laitnetop  edisni  eht  latem  tub  yats  denifnoc  nihtiw  sti  seiradnuob  .  
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4. htoB  eht  noitcartta  neewteb  eht  cele t snor  dna  eht  ecittal  ,stniop  eht  noisluper  eewteb  n  

eht  snortcele  sevlesmeht  si  derongi  dna  erofereht  snortcele  era  detaert  eerf  .  
stireM  fo  mutnauQ  eerF  nortcelE  :yroehT  

a. icepS f  ci h  :tae  
idroccA ng ot  lacissalc  fr ee  ortcele n oeht ry lla  eht  eerf  nortcele s ni  a atem l rosba b eht  h tae  ene rgy  

nehw  a em t la  si  detaeh . tI  stluser  ni  a egral  eulav  fo  ceps i cif  he .ta  But sa  rep  qu mutna  rf ee  
nortcele  oeht r ,y  no ly a wef  snortcele  taht  era  o cc pu iy ng en re gy slevel  olc se ot  imreF  ene gr y evel l  

EF brosba  eht  taeh  ygrene  ot  teg  ex detic  ot  gih h re  rene gy slevel  dna  noc tr etubi  rof  cificeps  h .tae   
ecneH  eht  eulav  fo  cificeps  taeh  si  yrev  llams .  

idroccA ng ot  mutnauq  fr ee  nortcele  oeht ry eht  sp cifice  taeh  of sdilos  si  gi nev  by  
Cv = 01 -4RT  

ehT  evoba  tluser  ga r see  llew  htiw  eht  ex latnemirep ly devresbo  lav u se .  
 

.b erutarepmeT  ecnedneped  fo  rtcele i lac  ytivitcudnoc :  

 
 

Σ = …………  )1(  esuaceB  τ =  

 
sA  rep  mutnauq  eerf  nortcele  oeht r ,y  Ef dna  Vf era  nepedni d tne  fo  .erutarepmet  tuB  Λ is  

tnedneped  no  erutarepmet  dna  si  explai den  as  .  
sA  eht  fr ee  snortcele  esrevart  ni  a latem  ht ey teg  erettacs d by itarbiv ng oi ns fo  eht  ecittal . The  

snoitarbiv  ucco r ni  cus h a way taht  ht e ecalpsid m tne  fo  snoi  at k se  p al ec  e lauq ly in lla  direc it no s.  
ecneH  snoi  may eb  ssa u dem  ot  eb  tneserp  e evitceff ly in a ic r uc lar sorc s s ce it no  of area Πr2 hw ic  h  
skcolb  eht  tap h fo  eht  el snortce  evitcepserri  fo  noitcerid  fo  rppa o ca h [ eh re r is eht  ampl eduti  of  
tarbiv i no ].  

ehT  snoitarbiv  fo  regral  aera  fo  ssorc  noitces  rettacs  erom  evitceffe l ,y  ereht by r icude ng Λ  

�Λ� …… ….  )2(  

tuB   
d) ehT  rene gy E fo  eht  biv r gnita  ob dy si  lanoitroporp  ot  eht  erauqs  fo  lpma ti u  ed  
e) E si  eud  ot  ygrene lamreht .  
f) E si  lanoitroporp  ot  utarepmet re T.  

�r2� T  

�Λ� ……… .. …  )3(..  

gnirapmoC  )1(  & )3(   

suhT   

suhT  eht  tcaxe  edneped n ec  fo  Σ no  si T  ex alp i den .  
c. rtcelE i lac  ytivitcudnoc  dna  nortcele  ecnoc ntr oita n:  
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ehT  eerf  ortcele n ledom  stseggus  t ah t Σ si  lanoitroporp  ot  nortcele  ecnoc n noitart  ’n‘  tub  t avir l ne t  

slatem  hcus  sa  munimula  dna  muillag  gnivah  erom  nortcele  noitartnecnoc  naht  taht  fo  nelavonom  t  
,slatem  evah  rewol  lacirtcele  ivitcudnoc ty naht  mo tnelavon  slatem  hcus  sa  reppoc  dna  revlis .  

gnidroccA  ot  mutnauq  eerf  nortcele  yroeht .  

f 

tI  si  raelc  f mor  eht  evoba  noitauqe  taht  Σ sdneped  eht & ’n‘ htob no  ar it o �v �.  

)5 . tahW  si  imreF  ?level  ebircseD  eht  va noitair  fo  imreF  tcaf or htiw  erutarepmet s ceD(  )4102   
 
“ ehT  ygrene  fo  eht  tsehgih  deipucco  level  ta  sba o etul  orez  erutarepmet  (0 )K  si  dellac  eht  eF rmi  

ygrene  dna  eht  ygrene  l leve  si  dellac  imreF  evel ”l . tI  si  detoned  yb  'Ef'  
 

imreF  rotcaf  f )E( : ehT  ele snortc  in eht  ene gr y l sleve  f ra  b wole  imreF  l leve  onnac t rosba b the  
ygrene  evoba  etulosba  orez  tarepmet u .er  tA  yranidro  erutarepmet  esuaceb  ereht  era  on  nacav t  

rene gy l sleve  oba ve imreF  level  otni  hcihw  snortcele  dluoc  teg  otni  retfa  ibrosba ng the t mreh al  
grene y. ohT u hg  eht  ex snoitatic  era  ,modnar  eht  di snoitubirts  fo  snortcele  ni  suoirav  ene gr y evel ls  

lliw  eb  s yllacitametsy  go denrev  by a st lacitsita  fu noitcn  ta  eht  aets d etats y .  
ehT  ilibaborp ty )E(f  taht  a nevig  ene rgy etats  htiw  rene gy E si  ucco p dei  ta  a aets d  y  

 
)E(f  si  dellac  th caf imref e t ro  .  

+1 
 

,suhT  “ imreF  rotcaf  si  eht  ytilibaborp  fo  ucco p noita  fo  a gi nev  ygrene  ats te f ro  a am t laire  i  n  
lamreht  .”muirbiliuqe  

vi( ) ytilibaborP  of oitapucco  n rof  E<E f 0 = T ta °K  
nehW  0=T °K E<E& f  

1 = 
0� 1 

(f )E  = 1 rof  E < EF  

ecneH , )E(f  = 1 snaem  t eh  energy l leve  si  rec t nia ly o deipucc , & E<E F lppa i se  ot  lla  the evel ls  
woleb  EF.  

� tA  0=T ° ,K  lla  eht  rene g el y v  sle oleb w level imreF eht   era lla  oc puc i de .  
v( ) ilibaborP ty of oitapucco  n  > E rof EF 0 =T ta °  K  

ehW n T 0= °K & E > EF 

)E(f   =  

)E(f  = 0 rof  E > EF  

� tA  0=T °K lla  eht  rene g el y v  sle voba e imreF  level  era  eipucconu d.  
 
 

yhp fo tpeD s TIBJS ,sci   63 egaP

en 2 

Λ 
m 

Σ = �v �  

f 

Λ 

1 
(E - E F ) 

kT 

f (E)= 
e 

tarepmet eru  T si  nevig  ,yb  

1 
e-∞ 1�  

 = )E(f  

1 1 = 
e∞� 1 ∞ 



gnireenignE  ph scisy  51 P 1YH 2  

 
In weiv  fo  eht  oba ve t ow  ac s ,se  at 0=T °K eht  noitairav  of )E(f  rof  d nereffi t rene gy val seu ,  

semoceb  a pets  noitcnuf  sa  ni  fig.  
iv( ) ilibaborP ty fo  noitapucco  ta  anidro ry serutarepmet .  

tA  anidro ry ,serutarepmet  hguoht  eht  lav ue of ilibaborp ty sniamer  1 rof  <<E  EF ti   strats  
isaerced ng morf  1 sa  eht   fo seulav solc emoceb E er ot  EF.  

tA  E = EF&T > 0° k  

)E(f  =  

1 = 
1� 1 

1 
2 

0 

,rehtruF   rof E E> f rp eht , o ilibab t  y  
eulav  sllaf  ffo  ot  orez  dipar ly. suhT  tolp  fo  )E(f  V  s E ta  tnereffid  epmet r uta r se .  

 
)6 . nialpxE  eht  renssieM  fe f tce  dna  fid f tnere  sepyt  of us p cre o udn srotc .  

 
renssieM  :tceffe   

 
A gnitcudnocrepus  lairetam  tpek  ni  a citengam  f dlei  ex slep  t eh  am teng ic flux uo t fo  i  st  

ydob  nehw  ti  si  delooc  b wole  eht  lacitirc  met p erutare  na d suht  oceb m se  p tcefre  gamaid n te . ihT s  
tceffe  si  dellac  renssieM  tceffe .  

epyT  fo  nocrepus ud srotc   
epyT.1  I s pu ocre ndu srotc :  

esehT  slairetam  ex tibih  etelpmoc  enssieM r tceffe  dna  evah  llew  denifed  lacitirc  field Hc.  esehT  
era  tcefrep  citengamaid  in eht  dnocrepus u gnitc  etats  dna  sessessop  evitagen  gam n cite  tnemom .  

ehT  lairetam  r ame sni  ni  eht  itcudnocrepus ng wh ne  eht  field si  l se s t nah  t eh  c tir i lac  eif ld. tI   
ex slep  eht  gam n cite  senil  fo  ecrof  morf  eht  ob dy fo  eht  am t re  etaidemmi ly retfa  Hc t eh  am et air l  

stisnart  ot  lamron  etats  dna  eht  ulf x setartenep  eht  m reta i la  i e. . renssieM  effe tc  si  nesba t. Hc si  fo   
eht  redro  of 1.0  T or el s .s  ecniS  Hc ev ry lo ,w  eve n w kae  m citenga  leif d ac n rtsed oy the  

onemonehp n. sA  kaew  citengam  dleif  nac  enep t etar  eht  lairetam  erom  ht,ylisae ey era  osla  dellac   
tfos  rotcudnocrepus .  
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epyT.2  II  nocrepuS ud srotc :  
esehT  slairetam  era  vah i gn  owt  lacitirc  sdleif  H 1c  dna  H 2c . roF  eht  dleif  ssel  neht  H 1c rewol(  lacitirc   
,)dleif  ti  ex slep  eht  citengam  leif d etelpmoc ly dna  ereht  is no flux pe .noitarten  tI  b emoce s  a  
tcefrep  citengamaid  dna  t eh  lairetam  si  ni  eht  us p re  cudnoc ting etats . retfA  cH 1 eht  ulf x etartenep s  

dna  laitrap ly sllif  eht  ydob  fo  eht  lairetam  rht o hgu  nahc n sle  dellac  .stnemalif  sA  eht  dleif   si  
aercni s de  eseht  emalif n st  orb neda  dna  by cH 2 eht(  lairetam  sessop s se  htob  lamron  na d  

itcudnocrepus ng ats t ,e  h ecne  the etats  si  ac l del  ‘ dexiM  tatS e’. sihT  si  osla  refer r de  ot  as ‘ trov xe   
’etats  erehw  eht  lairetam  si  ni  a lacitengam ly mix de  etats  tub  lacirtcele ly ti  si  a rotcudnocrepus .  
retfA  cH 2 eht  lairetam  stisnart  ot  lamron  etats  dna  eht  ecnatsiser  si  .etinif T epy  II  epus r rotcudnoc s  

nac  rac ry regral  stnerruc  nehw  eht  citengam   neewteb si dleif Hc1 cH dna 2.  
cH 2 eht  reppu  lacitirc  dleif  si  ynam  a sdlof  retaerg  naht  cH 1 eht  rewol  tirc laci  .dleif  nO ly orts ng  

gam n cite  dleif  fo  eht  redro  fo  01 T nac  p etartene  eht  lairetam  h ecne  eht se era  lac l de  drah  us per  
.rotcudnoc T epy - II  repus c srotcudno  era  us de  ni  eht  irutcafunam ng fo  eht  su itcudnocrep ng ma eng t  s  

fo  hgih  gam n cite  sdleif  evoba  01  seT la.  

 
 
 
 
 
 
 
 
 
 
 

tnemelE  Tc K( )  
 

ulatnaT m 5.4   
 

lahT il mu  4.2   
 

boiN ium 3.9   

)7  ehT  nortcele  noitartnecnoc  ni  na  n- epyt  mes i rotcudnoc  si  Х5 1017/𝒎3. gnitcelgeN  eht  eloh   
;tnerruc  etaluclac  eht  ytivitcudnoc  o  f eht  lairetam  fi  eht  tfird  yticolev  fo  eht  el ortce ns si  053   

s/m  ni  na  cirtcele  dleif  o  f 001  V/m. ceD(  4102  )  
 

Σ = Ne e µe = Ne e[ 𝐸] = x5 01 17 x6.1x 10-19x = Ω/820.0 m  
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)8  tahW  si  ?ytivitcudnocrepuS  nialpxE  eht  ytivitcudnocrepus  on the ba is s of BCS th yroe .  

ceD(  )4102   
 

repuS  ytivitcudnoc  is ht e onemonehp n o evresb d in emos  m late s na d retam i la s  .  

sennOhgnilremmaK  ni  1191  esbo devr  th ta  eht  lacirtcele  ivitsiser ty of erup  ucrem ry  spord  

tpurba ly ot  orez  ta  tuoba  K2.4  sihT.  etats  si  dellac  repus  gnitcudnoc  st eta . ehT  lairetam  si  dellac   

rotcudnocrepus  ehT.  erutarepmet  ta  hcihw  th ye  niatta  tcudnocrepus i iv ty si  dellac   lacitirc  

pmet T erutare c.  
 

 SCB T yroeh  noitanalpxE(  fo  ivitcudnocrepus t )y :  
 

raB d nee , repooC  dna  reffeirhcS  )SCB(  in 7591  ex denialp  eht  nemonehp on fo  us p dnocre uc it iv ty  

desab  no  the rof m noita  fo  pooc er ap irs. tI  si  dellac  SCB  oeht r .y  tI  si  a mutnauq  cem h  lacina  

cnoc e tp .  
 

gniruD  eht  wolf  fo  tnerruc  ni  a ,rotcudnocrepus  nehw  na  nortcele  pa p sehcaor  a  evitisop  

noi  ecittal  fo  eht  latem  ereht  si  a bmoluoC  ecrof  fo  noitcartta  neewteb  eht  nortcele  dna  eht  cittal  e  

noi  dna  suht  noi  eroc  si  tes  ni  noitom  isuac ng l tta i ec  dist itro .no  rellamS  t eh  ssam  of the isop ti  ev  

,eroc  regral  lliw  eb  ht e dist noitro . ehT  ecittal  snoitarbiv  era  dezitnauq  in a t re m fo  P snonoh . oN w  

rehtona  nortcele  issap ng by siht  detrotsid  ecittal  lliw  tcaretni  htiw  ti  dna  suht  t eh  ene rgy fo  th si   

nortcele  si  sla o decuder . sihT  noitcaretni  si  dekool  nopu  sa  fi  eht  owt  snortcele  tcaretni  aiv   eht  

nonohp  ,dleif  uaceb( se eht  ecittal  snoitarbiv  era  dezitnauq  dna  atnauq  fo  eseht  snoitarbiv   era  

)snonohp  gnitluser  ni  irewol ng fo  ene gr y of r eht  le ect .snor  euD  ot  siht  tni noitcare  na  ppa a ner t  

ecrof  fo  noitcartta  d leve o sp  eewteb n eht  snortcele  dna  ht ey net d ot  evom  in sihT.sriap  noitcaretni   

si  segnorts t ehw n eht  wt o nortcele ic ah ve lauqe  and etisoppo  snips  dna  mo hT.atnem is sdael  to t eh   

noitamrof  fo  repooc  p sria . repooC“  p sria  era  a bo dnu  riap  fo  cele t snor  of r dem  by the etni r noitca   

neewteb  eht  snortcele  htiw  etisoppo  nips  dna  atnemom  ni  a nonohp  fiel ”d .  
 

tA  lamron  serutarepmet  eht  evitcartta  of r ec  si  oot  llams  dna  gniriap  fo  snortcele  seod  ton  t  eka  

tA.ecalp  rewol  arepmet erut  taht  si  woleb  eht  lacitirc  utarepmet re eht  pa p tnera  of r ec  fo  tta r noitca   

sdeecxe  eht  naibmoloC  ecrof  fo  noisluper  neewteb  owt  snortcele  dael i gn  ot  eht  noitamrof   fo  

repooc  sriap . A idrocc ng ot  mutnauq  scinahcem  a repooc  riap  si  detaert  sa  elgnis  itne ty. A evaw   

noitcnuf  si  etaicossa d htiw  hcae  cus h repooc  riap  dna  evaw  uf n snoitc  a detaicoss  wi ht  is im l  ra  

repooc  sriap  trats  gnippalrevo  hw i hc  ex sdnet  ov re  a noillim  sriap  na d h cne e lautriv ly vo er t  eh  
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eritne  emulov  fo  eht  su tcudnocrep o .r  laniF ly egral  rebmun  fo  repooc  p sria  mrof  a noinu  no e  

gnidia  eht  noitom  fo  t eh  rehto . oS  eht  itne re oinu  n fo  ooc p re  p sria  lliw  t eh r rofe e m evo  a  s eno  inu t.  

ehT  ecnatsiser  decneirepxe  yb  any eno  repooc  riap  is emocrevo  yb  the oc - evitarepo  noitca  fo  eht   

rehto  sriap  ni  t eh  noinu . yletamitlU  nehw  el rtce o sn  wolf  ni  a lairetam  ni  eht  mrof  fo  repooc  sriap   

od  ton  retnuocne  gnirettacs . ehT  ecnatsiser  sehsinav  dna  ivitcudnoc ty si  ev ry egral  dna  suht   eht  

nonemonehp  s ytivitcudnocrepu  .  
 
)9 . nialpxE  eht  swal  fo  ssam  a noitc  dna  evired  eht  oc udn tc i ytiv  xe p er s is on of a  

otcudnocimes r. ceD(  )4102   
 

ehT“  wal  syas  ,taht  rof  a nevig  rotcudnocimes  ma lairet  rehtie  snirtxe ic ro  tni ir n is ,c  eht  tcudorp  of  
eht  egrahc  reirrac  necnoc noitart  sniamer  a tnatsnoc  ta  yna  arepmet t ru e, neve  if t eh  pod i gn  is  

deirav ”. 
tahT  ,si  N fi e N & h oh dna nortcele eht era l ecnoc e n snoitart  cepser it ev ly,  
nehT   
sihT  noitidnoc  si  elbacilppa  rof  htob  ex cisnirt  dna  rtni i sn ic es m cudnoci t sro .  

roF  na  cisnirtni  nocimes d ,rotcu  Ne = Nh n = i n ,erehw i egrahc cisnirtni eht si   reirrac d isne ty.  
 

hT en Ne Nh = n2 tnatsnoc a = .  
 

noisserpxE  f ro  lacirtcelE  ytivitcudnoC  of a ocimeS udn otc r:  
eL t su  redisnoc  ot  rats t ,htiw  eht  dnoc u ivitc ty ni  a semi dnoc uct ro  ud e to eht  olf w fo   

snortcele  no ly. redisnoC  a s rotcudnocime  of aera  fo  sorc s noitces  A, in hw i hc  a cu nerr t I si   
niwolf g. teL  v eb  eht  icolev ty fo  el .snortce  The snortcele  evom  orht u hg  a di ecnats  v in  eno  

es c dno . sA  rep  eht  ussa m noitp  fo  eerf  nortcele  ,yroeht  a egral  rebmun  fo  eerf  cele t snor  wolf  eerf ly  
hguorht  eht  s cudnocime t ro  esohw  aera  of ssorc  ces it no  si  A.  

ehT  emulov  tpews  by eht  dnoces/snortcele  = vA .  
fI  Ne si  eht  rebmun  fo  snortcele  / tinu  ,emulov  dna  e si  eht  edutingam  fo  cirtcele  ahc r eg  no   eht  

,nortcele  t ,neh  eht  egrahc  dnoces/wolf  = Ne vAe .  
ecniS  egrahc  dnoces/wolf  si  eht  tnerruc  ,I   

I = Ne .vAe  
� tnerruC  isned t N = )A/I( = J y eev ……  1( )  

ehT  nortcele  ,ytilibom  eµ  si  nevig  b  ,y  
µe = v/E , 2( …… )  

,erehw  E si  eht  cirtcele  dleif .  
gnitutitsbuS  rof  ,v  f or m qE . 2( ) qE , . )1(  b semoce ,  

 J = Ne e µ( eE ) ……  3( )  
tuB  eht  s’mho  ,wal  si  ig v ne  by the  ,noitauqe  

 J = Σ E  erehw Σ si  eht  ytivitcudnoc  fo  eht  egrahc  sreirrac  .  
 fI Σe si  eht  ivitcudnoc ty d eu  ot  snortcele  ni  eht  es m rotcudnoci  retam i ,la  neht  s’mho  wal  oceb m se ,  
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 J = ΣeE , ……  4( )  

gnirapmoC  sqE  (3) dna  (  ,)4  
ytivitcudnoc  fo  snortcele  si  nevig  by,  

Σe = Ne eµe ……  5( )  
woN  tel  su  redisnoc  eht  noitubirtnoc  fo  seloh  ot  eht  noitcudnoc  fo  icirtcele t .y  fI  Σh is eht   

ivitcudnoc ty due ,seloh  Nh si  eht  rebmun  of oh l tinu/se  emulov  dna  µh is t eh  m bo i il ty of seloh ,  
neht  ni  iralimis ty ot  qE  ,)5(  eht  noitauqe  rof  noc d ivitcu ty eud  ot  seloh  nac  eb  nettirw  as,  

Σh = Nh e µh 6( …… )  
ehT  latot  ivitcudnoc ty for a rotcudnocimes  si  nevig  b us eht y  m fo  Σe dna  Σh  .  

e.i , Σ = Σe + Σh = Ne e µe + Nh e µh  
Σ= e N( e µe + Nh µh) ……  7( )  

 
 

)01  tahW  si  imreF - Di car  ?scitsitats  Ex lp a ni . ceD(  102 4  )  
 

imreF - cariD  :scitsitats  rednU  lamreht  muirbiliuqe  eht  eerf  snortcele  eriuqca  ygrene  bo e gniy  a  

lacitsitats  elur  nwonk  sa  imreF -Di car  imreF.scitsitats - cariD  noitubirtsid  slaed  htiw  eht  d tsi ubir it no   

fo  snortcele  gnoma  eht  dettimrep  rene gy slevel . ehT  dettimrep  ygrene  evel ls era  eht  scitsiretcarahc   

fo  eht  ig v ne  retam i la . ehT  isned ty fo  eht  etats  uf n noitc  (g E) ahc n seg  htiw  rene gy ni  a dnab . The  

rebmun  fo  en re gy slevel  in eht  tinu  ov emul  fo  eht  lairetam  ni  eht  rene g egnar y  E & )Ed+E(  is  

E(g ) Ed .  
 

hcaE  nortcele  lliw  evah  i st  nwo  ene gr y eulav  hw i hc  si  tnereffid  morf  lla  ot sreh  ex pec t th  e  

eno  htiw  oppo is et  spin. ehT  rebmun  fo  snortcele  htiw  rene gy ar n eg  E & )Ed+E(  ni  tinu  emulov  si   

N )E(  Ed  hcihw  si  eht  tcudorp  fo  eht  rebmun  fo  rene gy l sleve  ni  eht  emas  ar n eg  dna  eht  mref i  

otcaf r. 

... N )E(  Ed  = )E(g×)E(f dE.  

tuB  (f E) dna  )E(g  ta  a erutarepmet  T chan seg  no ly htiw  E. Th ta  ,si  (N E)dE ta  a evig n epmet r ruta  e  

egnahc  E htiw .  

ehT  tolp  fo  N Ed)E(  susrev  E stneserper  eht  lautca  noitubirtsid  fo  snortcele  gnoma  eht   elbaliava  

setats  rof  eht  m laireta  ta  tnereffid  t arepme ture .s  ehT  noitubirtsid  si  k nwon  as Fe imr – riD ca   

rtsid i oitub n. imreF - cariD  noitubirtsid  stneserper  t eh  deliated  noitubirtsid  fo  cele t snor  oma ng the  

suoirav  elbaliava  rene gy slevel  fo  a lairetam  ednu  r lamreht  muirbiliuqe  idnoc it no s.  

imreF -Di car  noitubirtsid  nac  eb  deredisnoc  ni  eht  gniwollof  eerht  oitidnoc n :s  tA  ,K0=T  at >T  K0   

dna  >>T 0 ehT.K  tolp  fo  )E(N  susrev  E rof  lla  eht  eerht  sesac  si  ni  eht  fig  .  
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)11  ehT  imreF  el v le  ni  s li rev  si  ve5.5 . dniF  eht  yticolev  fo  snortcele  in revlis . 102 ceD( )4   
 

:neviG  EF = e5.5 v  

2𝐸𝐹 2𝑋 5.5 𝑋1.6𝑋 01 -19 

𝑚 9. 11 𝑋 01 -31 

)21  niatbO  na  noisserpxe  f ro  eht  ytivitcudnoc  fo  a latem  from uq antum cem han aci l  
noitaredisnoc s. )5102enuJ(   

 
fI  a tnatsnoc  cirtcele  eif ld E si  deilppa  ot  eht  latem  eht  nortcele  fo  ssam  m dna  ahc r eg  e will  

ecneirepxe  a ,ecrof  =F  - eE.  

=F  - eE gnivird  fo ecr  no  eht  eht ni stluser hcihw nortcele  ev tfird l co ity vd  ,  

nehT  eht  atsiser n ec  fo ecr  dereffo  ot  its mot noi  si   
 

Τ 

nI   ,etats ydaets eht  

Fr  F =  
vd 

e,i , = eE  
Τ 

𝒎 

: etoN  ,ytisned tnerruC  J  =  

 
J = ven d I = veAn d  
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𝑉𝐹  � � = 01X83.1= 6 s/m   

mvd  erehw Τ naem  loc il si no  it me  Fr=  

mvd 

Vd = �𝒆𝑬� Τ 
∆x 

E 
 
 
 
 

I 
A 
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lacirtcelE  ytivitcudnoc  in me lat s  

2  
𝝈 = ne Τ

  
m 

suhT  c ivitcudno ty si  rp o lanoitrop  ot  eht  rebmun  of snortcele  p re  m3.  
 
 

ohS)31 w taht  eht  mreF i level  fo  na  cisnirtni  rotcudnocimes  seil  ni  eht  ddim le of the  
neddibrof  en ygre  ag p. uJ( n )5102e   

 
nocimes cisnirtni na roF d N,rotcu e N= h n = i  

,e.i   

4 2 

EF-Eg 

m� e�� /3 2e� Tk  � = m� h��3/2e-EF k/ T  

gnikaT  n laruta  lo htirag  m no  htob  si ,sed  ew  eg t  ,  

2 

rednU  lacitcarp  edisnoc rati no s, me � = mh �, esuaceb  of hcihw  eht  tsrif  mret  ni  eht  thgir  nah d side  

fo  eht  evoba  noitauqe  go se  ot  ,orez  dna  ecnis  nl  0=1   

 
 
EF  

hT e egareva  ene gr y fo  eht  snortcele  ikat ng trap  ni  noitcudnoc  lliw  eb  alm tso  lauqe  ot  )2/1(  Eg.  

suhT  eht  imreF  level  seil  ni  eht  dim - trap  fo  eht  neddibrof  pag  rof  na  ni t nir is c rotcudnocimes .  
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4 2 �πmh� �Tk 3/2e-EF k/ T  √ 
h3 

EF-Eg 

�πme�k �T 3/2e� kT � = √ 
h3 

𝑬𝒈 

4 2 

�mh� m/ e��3/2  

nl  �mh �  

3 m 

e 

� � =  

rO ,  EF = 𝒌𝑻 nl  �mh � + esuaceb  E, g = Ec E+ v  � 

 ,ro  
E2 F-Eg 

e� kT � 

=  
� 

� 

3 m 

e 

E2 F-Eg 

Tk  

� 

𝑬𝒈 =  
2 
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 NOITCUDNOC BA  DN  
 
 
 
 
 
 
 

gE  EF  
 
 
 
 
 

++++++++++++++++   

VA B ECNEL A DN   

 
 

IMREF  LEVEL  NI  CISNIRTNI  UDNOCIMES TC RO   
 
 
 
 
 
 
 
 
 

nialpxE)41  eht  repmet a erut  ecnedneped  fo  ser i ytivitis  fo  latem  dna  etats  aM t esseiht n s´  r lu e.  
)5102enuJ(   

 
llA  slatem  era  doog  srotcudnoc  fo  icirtcele ty. ehT  lacirtcele  ivitcudnoc ty fo  latem  seirav  htiw  eht   

rutarepmet e. ehT  lacirtcele  ecnatsiser  of a atem l, ot  eht  wolf  of cu ,tnerr  is eud  ot  s ttac eri gn  of  
noitcudnoc  cele t snor  by ecittal  arbiv ti no s. nehW  eht  erutarepmet  sesaercni  t eh  lpma it edu   fo  

ecittal  snoitarbiv  osla  ,sesaercni  ereht by saercni i gn  eht  atsiser n ec . ehT  edneped n ec  fo  ecnatsiser   
fo  latem  non( - nocrepus d gnitcu  )etats  no  arepmet t eru  si  nwohs  ni  ugif re. ehT  ecnatsiser  aerced s se   

htiw  erutarepmet  na d sehcaer  a muminim  nwonkeulav  sa  er si aud l resist ,ecna  at T = K0 . hT e  
laudiser  ecnatsiser  ta  T si K0 =  eud  to i rupm i eit  s ni  t eh  met la .  
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ehT  noitairav  si  ex desserp  by esseihttaM n s’  r lu  e  
 

ρ = ρo+ ρ(T)  
 

erehW  ’ρ‘  si  eht  ivitsiser ty fo  eht  nevig  am t aire l, ρ‘ o i’ s eht  laudiser  iser s ivit ty na d T(ρ‘ )’ si  th  e  

erutarepmet  tnedneped  trap  fo  ytivitsiser  dellac  id lae  ivitsiser ty  .  
 

)51  etaluclaC  eht  borp a ytilib  o  f na  nortcele  gniypucco  na  en ygre  l ve le  ve20.0  ab evo  the  
imreF  el v le  ta  003 k. )5102enuJ(   

 
1 

(E -EF ) 
Tk  

 
 

01x83.1 - 32 x 003  = 
.1 01x6 - 91  

F( =)E  =23.0=  32%  

)61  eD f eni  eht  tfird  ,yticolev  naem  eerf  htap  , naem  noisilloc  emit  dna  rel taxa ion ti em .  
 

uJ( n )5102e   
 

irD ft yticolev  v: d  
 

ehT“  va egare  yticolev  htiw  hcihw  eerf  el snortce  m evo  ni   a ts ydae  tats  e po p etiso  ot  eht  di cer it no  of  

eht  cirtcele  dleif  ni  a em t la  is dellac  tfird  .”yticolev  
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f (E) = 
e +1 

 
E-EF Ve20.0=   

620.0 Ve   

𝐸-𝐸𝐹 20.0  
𝑘𝑇 620.0  

= 7.0= 7  

 =Tk  

1 
2. 61 � 1 
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naeM  f ( :htap eer Λ)  

ehT“  egareva  ecnatsid  dellevart  yb  na  nortcele  neewteb  eht  evisseccus  co noisill  gnirud  t eh ir  
modnar  noitom  si  dellac  naem  eerf  .htap ”  

naeM  noisilloc  :emit  (Τ)  
 
 
 
 
 
 
 
 
 

ehT“  egareva  emit  taht  sespale  neewteb  owt  evitucesnoc  snoisilloc  fo  na  nortcele  htiw   eht  
ecittal  stniop  si  naem  loc il si no  .emit ” tI  si  nevig  sa   

 erehW Λ - naem  eerf  p hta   

v - latot  icolev ty of eht  snortcele  eud  ot  eht  bmoc i den  fe f ce t  fo  
lamreht  dna  tfird  lev oci eit s.  
noitaxaleR  ti :em  (Τr)  

nI  eht  ecnesba  fo  na  deilppa  ,dleif  eht  va egare  icolev ty of eht  snortcele  si  orez  dna  sah   emos  
etinif  eulav  rednu  na  ppa l dei  fi dle .  

 
 
 
 
 
 
 
 
 
 
 
 
 

T emi  ( )t   

 
 

v va  = o ni  eht  nesba ce fo  t eh  dleif .  
′

Λ 
Τ = 
v 

v va  = vav ni  eht  ecneserp  fo  cirtcele  dleif .  
fI  eht  dleif  si  denrut  ffo  neddus l ,y  eht  egareva  icolev ty v va secuder  ex laitnenop ly ot  orez .  

lacitamehtaM ly  
′ v va =vav e-t/Τr

  

ehT  emit  ’t‘  si  oc detnu  morf  eht  tnatsni  eht  eif ld si  ws it dehc  ffo  dna  Τr si  a ,tnatsnoc  c ella d  
noitaxaler  ti .em  

fI  t = Τ  r  
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vnehT av = vave-  1  

“T ,suh  t eh  taxaler noi  it me (Τr) si  denifed  sa  eht  emit  gnirud  hcihw  eht  egareva  yticolev  v( av  )  

sesaerced  ot  semit  sti  eulav   emit eht ta w neh  t eh  if eld i t s ur den  o ”ff . 

)61  ebircseD  velgaM  v he elci . )5102enuJ(   
 

lacitengaM ly vel i deta  selcihev  era  dellac  velgaM  selcihev . ehT  m citenga  noitaivel  si  desab  no  eht   

elpicnirp  fo  M renssie  e tceff . ehT  noisluper  eb t neew  the owt  orts ng fields udorp c de  by the  

gnitcudnocrepus  tengam  dna  rtcele ic setativeltnerruc  eht  dnaelcihev  si  tes  taolfa . ehT  gnitaolfa   fo  

eht  selcihev  by siht  lpicnirp e si  ac l del  citengaM  L noitative .  

ehT  gnitcudnocrepus  m ga n te  si  tpek  edisni  eht  elcihev  dna  eht  rtcele ic tnerruc  swolf  ni  the  

muinimulA  ediug  way. ecnO  eht  gam n cite  dleif  ni  eht  elcihev  si  dehctiws  no  si  delleper  by the  

gam n cite  dleif  fo  eht  gu edi  wa .y  As ti  si  tuoba  ot  ,etativel  eht  ediug  way orp pels eht  hev icle  

drawrof  by the ges m stne  dedivorp  in eht  mulA i muin  diug e way. ehT  v elcihe  si  p vor i ded  iw t  h  

elbatcarter  sleehw . laitinI ly eht  elcihev  snur  no  eht  ediug  wa ,y  on ec  ti  si  detativel  ni  ria  eht  leehw s  

era  detcarter  otni  eht  ob dy. The eh i thg  ot  hw i hc  t eh  elcihev  si  detativel  ab evo  ediug  way si  uoba  t  

01  ot  c51 m. elihW  ,gnippots  eht  wh slee  era  nward  tuo  dna  eht  v cihe le wols ly s seltte  no  the  

wediug ay by gninnur  a d ecnatsi . ecniS  hcus  hev i selc  taolf  ednu r citengam  ,tceffe  ht ey od  ton  vah  e  

,noitcirf  ssel  rewop  noc s ,noitpmu  dna  sselesion  levart .  
 
 
 
 
 
 
 
 
 
 

)71  etaluclaC  eh  noitartnecnoc  a w hcih  eht  rotpecca  ta o sm  tsum  eb  ad ded  ot  a eg r am uin m  
elpmas  ot  p- epyt  cimes o rotcudn  htiw  ytivitcudnoc  51.0  rep  ohm-m te er. neviG  eht   ytilibom  

m71.0=seloh fo 2/ sV  )5102enuJ(   

Σ� = Nh eµh 

01X5.5= 18  
𝑒µ� 526.1 𝑋 01 -19𝑋0. 71  
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eludoM - III   

resaL  dna  lacitpO  if b sre   
)1 . niatbO  eht  noisserpxe  f ro  ygrene  ytisned  fo  noitaidar  rednu  e liuq rbi ui m  

noitidnoc  ni  smret  fo  niE niets  feoc f tneici . ( aJ n2013)  

 
redisnoC  owt  rene g E setats y 1 E dna 2 a fo  s etsy  m fo  ota ms. teL  N1 dna  N2 eb  t eh  on  fo  ato sm   

ytisned.on(  )noitalupop  ni  eht  ygrene  setats  E1 dna  E2 evitcepser ly.  

teL(  νU  eb  the rene gy ni ic ned t  / tinu  ov l )emu . teL  snoitaidar  fo  aw v ele n tg  h ar eht ni n eg   λ dna λ  

+ λd  eb  icni d tne   eht no sys fo met  ato sm .  

teL  eb  νU  eht  ene gr y in tnedic  / tinu  emulov  fo   eht s metsy . nehT  νdνU  per r stnese  ene eht rg  y  

ytisned  fo  neuqerf cy v el  t su  redisnoc .  

ehT.1  esaC  fo  dnI u ec d ab ros p oit n:  
nI  eht  sac e fo  decudni  ab noitpros  )nehw(  na  mota  ni  eht  dnuorg  ats te. nehW  sbrosba  a noitaidar   

neht  ti  sekam  stneisnart  eht  el v le  E2.  

fo.oN  hcus  noitprosba  rep  tinu  emit  rep  tinu  ulov me is ac l del  Rate fo  sba o tpr i no .  
ehT  etar  of noitprosba  = B12N1 νU .  

erehW  B12 si  eht  ilanoitroporp ty tnatsnoc  dellac  Ei nietsn  ciffeoc i tne  fo  dni u dec  noitprosba .  
2. suoenatnopS  imE s ois n:  

nA  mota  ni  eht  ex detic  etats  E2 ats dnuorg ot noitisnart sekam t E e 1 by t eh  e sim is no  fo  ohp t no   fo  

ycneuqerf  v. fo.oN  su hc  suoenatnops  snoissime  p re  tinu  it me rep  nu it ulov me is ac l del  Rate  fo  

suoenatnops  noissime . hcihW  si  lanoitroporp  to t eh  on . isned ty ni  eht  rehgih  rene gy N etats 2.  

ehT   etar o suoenatnops f  α noissime  N2  

etaR  fo  suoenatnops  me i noiss  = A 12 N2 νU .  

erehW  A 12  si  dellac  nietsniE  eoc f tneicif  fo  atnops n suoe  emissi no .  

detalumitS.3  :noissime  

nehW  a noitaidar  fo  erf q neu cy v tnedicni  no  na  at mo  ni  eht  etats  E2. hcihW  etalumits  eht  mota  ot   

ekam  rawnwod d dnanoitisnart  sesuac  the noissime  fo  its m alu t de  snotohp .  

 etar ehT of umits l deta  ime noiss  Α N2.  

etaR  fo  detalumits  noissime  = B21UvN2  

erehW  B21 si  eht  tnatsnoc  fo  ilanoitroporp ty dellac  eht  nietsniE  ffeoc i tneic  fo  its mulat de  me i noiss .  

dnA  N2 oN eht si ytisned ,  eht ni  hi rehg  ene gr E etats y 2. tA  lamreht  uirbiliuqe m.  

tA  lamreht  iuqe l rbi i ,mu   

etaR  fo  noitprosba  = (R eta  fo  suoenatnops  noissime  + etaR  fo  s it detalum  emi )noiss   
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B 21 N1UΝ= A21N2 + B 12 N2UΝ  

UΝ B( 21 N1 - B 12 N2) = A21N2  

UΝ= B�  N1- 2B 1N2�  

.i e �  

→ 1( )  
B21N2 

E2-E1 

N2=N1e-� KT � = N1 e-hΝ/KT  
.i e ,.  N1 N/ 2 = ehΝ/KT 

� � 

A21
 � 1 

B21 � B12
 � hΥ � � 

e � Tk  � -1� 
� � 

� 

→ 3( )  
� 

-1� � 
� 

gnirapmoC  noitauqe  )2(  & 3( )  

1=  .i e. B12 = B21  

ehT  ilibaborp ty of decudni  noitprosda  si  lauqe  ot  eht  its mulat de  me i noiss .  
esuaceB  fo  eht  fo  ytitnedi  eht,  stpircsbus  dluoc  eb  deppord  dna  A 12 B& 12  nac  eb  er p detneser  sa  A  

& B. eroferehT  eht  qe u noita  rof  rene gy d sne ity ta  lamreht  rbiliuqe i mu  si  ,  
� � 

1 
hΥ 

e � Tk  � -1� 
� � 

snoisulcnoC  fo  ietsniE  n oc -effi eic  :tn  
ecnednepeD  of erutan  fo  em noissi  no  euqerf n :yc   

redisnoC  B21 = hπ8 Ν3/c3 → 1(  )  
21 

fI  A 12  sah  hgih  ,eulav  eht  ilibaborp ty fo  atnops n suoe  noissime  si  .hgih  fI  B 12  sah  hgih  v ,eula   eht  
ilibaborp ty fo  detalumits  ime ssi no   si hi hg .  

F  rehtru  
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UΥ = 

UΝ= B21 � 

= � �  

B21 

A21N2 

12 

A N2 

21 � 1B 2N1-N2� 

A21 1 
B 12  �B12N1�-1 

yB  s’nnamztloB  wal  ,  

 
 
 
 

nqE . )1(   semoceb  
UΥ = 

 
 
 
 
By s’kcnalP  wal ,  

� 

� 
� 

� 

� 

→ )2(   

� 

� 

� 

� 
� 

� 

� 

� 
� 
� 

� � � 
� � B 12  

� 

� 
� 
� 
� 

� 
8ΠhΥ 

c3 
1 

hΥ � 
� 
� 

3 

� � � 
Tk  

� 

e� � 
� � 

� � � 
� 

B 21  

B 12  

A21 

B 12  
= hπ8 Ν3/c3 &  

� 

� 
� 

� 

� � 
� 

� 
� � 
� � 

UΥ = A 
B � � � 

� � � � 
� � 

A 

𝐀21 α Ν3  
B21 
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ecniS  Ν = ,h/EΔ  ni  lamron  ,noitidnoc  eht  rene gy ereffid n ec  b neewte  eht  t ow  slevel  E1 dna  E2  si  

al r  eg  
 

>>  1 or A21 >>  B21  
 

suhT  eht  ilibaborp ty fo  s suoenatnop  noissime  si  erom  naht  eht  ts umi lat de  noissime   
)2 . tahW  si  elpicnirpnialpxE?yhpargoloh  of rgoloh am gnidrocer  gnisu  resal .  

yluJ()3102naJ(  )4102   
pargoloH hy si  eht  hcet n euqi  fo  icudorp ng 3- lanoitnemid  egami  of na  bo tcej  no  2- anoitnemid l  

gnidrocer  ,dia  by ht e nonemonehp  fo  ecnerefretni . A na d B are owt  tnedi i ac l ro  ehoc r tne  beams  

tnedicni  no  tisnesotohp i ev  ecafrus  at tnereffid  gna l .se  Due ot  ecnerefretni  ,tceffe  i tn e fr e ner ce  

segnirf  era  rocer d de  no  d gnipoleve  the p pargotoh h ci  etalp  .  

elpicnirP  fo  argoloH m snoc urt ct oi n:  
thgiL  evaw  detcelfer  morf  na  tcejbo  era  deziretcarahc  yb  rieht  etni n is ty qs( u era  of  

)edutilpma  dna  esahp . nehW  htob  isnetni ty na d esahp  setubirtta  fo  eht  evaw  imoc ng morf  rht ee  
lanoisnemid  tcejbo  is dedrocer  on a tohp o parg h ci  ,etalp  ti  si  dellac  oc nst cur t noi  fo  oh lo arg m.  

nehW  dedrocer  cihpargotohp  etalp  )margoloh(  si  detanimulli  yb  a erehoc nt thgil  ,ecruos  eht  eerht   
lanoisnemid  egami  fo  t eh  igiro n la  tcejbo  si  form .de  sihT  noitamrof  fo  egami  is onk nw  as  

noitcurtsnocer  ssecorp  .  
gnidroceR  esahp  noitairav  ni  a argoloH m:  

nI  idrocer ng loh o marg  fo  na  tcejbo  a cihpargotohp  etalp  si  ecalp d ni  tnorf  of na  bo ej ct ta  a  
elbatius  ecnatsid . isnoC d re  a tnerehoc  li thg  i cn id ne t no  eht  jbo e .tc  ehT  thgil  detcelfer  f mor  wt o  

raen by stniop  no  eht  tcejbo  levart  thgils ly tnereffid  secnatsid  ni  gnihcaer  eht  cihpargotohp   etalp  
eud  ot  noitairav  ni  htped  no  eht  tcejbo . suhT  eht  owt  evaw  stnorf  evirra  ta  eht  cihpargotohp   etalp  

ni  a thgils ly tnereffid  esahp . ecneH  eht  hgil t detcelfer  morf  effid r tne  stniop  no  eht  bo j ce t liw l vah  e  
tnereffid  sesahp  dna  erefretni  htiw  eht  erefer n ec  b mae . ehT  irf n seg  dedrocer  ni  eht  margoloh  rac ry  

noitamrofni  gnidrager  the esahp  effid r ecne  .  
nI  pargoloh hy ereht  are t ow  sesahp  :  

1) gnidroceR   
2) noitcurtsnoceR  fo  eht  im ega  .  

idroceR ng sah  owt  meth  sdo  
1) evaW  tnorf  noisivid  euqinhcet .  
2) edutilpmA  noisivid  nhcet i euq .  

 
)1  gnidroceR  fo  eht  im ega  fo  na  tcejbo  yb  evaw  rf tno  ivid is o  n cet hnique  

Ex dednap  tnerehoc  resal  maeb  morf  eht  resal  ecruos  si  .deniatbo  A trop i no  fo  it si  m eda  t  o  
tnedicni  no  eht  rorrim  and rehto  noitrop  si  edam  ot  tnedicni  no  eht  bo j tce  as s nwoh  in eht  gif  .  
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cihpargotohP  pl eta  si  decalp  ta  a elbatius  noitisop  os  taht  ti  seviecer  eht  li hg t r fe el detc  f mor  ob th  

eht  rorrim  dna  ht e cejbo t. ehT  thgil  r detcelfe  rf om eht  rorrim  mrof  a alp ne vaw e tnorf . tI  si  ellac d  

ecnerefer  maeb . ehT  li thg  detcelfer  morf  hcae  op i tn  no  eht  tcejbo  mrof  a lacirehps  wav tnorfe . tI  si   

dellac  tcejbo  .maeb  Th su  eht  ecnerefretni  stceffe  fo  eht  wt o maeb s era  cer o dedr  no  ht e  

cihpargotohp  etalp  .  

sA  eht  lacirehps  aw ve in tcesret  eht  pl ena  w eva  in alucric r ,senoz  t eh  etni r eref n ec  patt re n  

stsisnoc  fo  cirtnecnoc  ralucric  ir n sg  gnivah  evitcurtsnoc  dna  evitcurtsed  ecnerefretni . tI  si   dellac  

robaG  enoZ  pl .eta  
 

margoloH  stsisnoc  fo  nu rebm  of cus h z eno  plates. ehT  tnec re fo  cae h si  di decalps  morf  ht e ot reh  .  

nI  eht  cer o dedr  p retta n eht  en i iruobhg ng enoz s o palrev  cae h ehto r na d moceb e pa p tnera , ecno  eht   

mlif  si  depoleved . tI  si  dellac  a margoloh  .  
 

)2  gnidroceR  eht  im ega  fo  na  tcejbo  yb  am tilp u ed  oisivid n t ce nh qi u :e   

 
 
 
 
 
 
 
 
 

dednapxE  tnerehoc  resal  maeb  morf  eht  resal  ecruos  si  .deniatbo  tI  si  edam  ot  cni i ned t no  ht e  

maeb  ilps rett . ehT  maeb  rettilps  stcelfer  eht  noitrop  fo  eht  thgil  hcihw  si  cni i ned t no  t eh  .rorrim   

ehT  dettimsnart  thgil  morf  eht  maeb  rettilps  si  tnedicni  no  t eh  bo j .tce  ehT  detcelfer   enalp  

evaw f tnor  morf  eht  rorrim  dna  detcelfer  lacirehps  stnorfevaw  morf  effid tner  niop ts no  t eh  bo j tce   

seogrednu  ecnerefretni  on eht  cihpargotohp  etalp  tpek  ta  a elbatius  ecalp . ehT  ecnerefretni  segnirf   
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era  edrocer d no  eht  cihpargotohp  alp te. The ed v depole  ohp cihpargot  etalp  emoceb s eht  oh logram  

tcejbo eht fo .  
 

resalnialpxE.)3  gnidlew  dna  gnittuc  ssecorp  htiw  J(.smargaid uly2013)  

 
1. resaL  w dle ni g: resaL  b mae  si  dewolla  ot  llaf  no  eht  ecafrus  ot  eb  w .dedle  ehT  be ma  si   

debrosba  dna  eht  ecafrus  strats  itlem ng eud  ot  t eh  aeh t neg e detar . ehT  ytivitcelfer  dna  th  lamre  

ivisuffid ty fo  eht  lairetam  era  eht  tnatropmi  srotcaf  fo  .gnidlew  ehT  re ivitcelf ty si  ,erom  ht e  

ygrene  desaeler  si  .ssel  oT  esaercni  eht  en re g ,y  eht  ecafrus  si  detaoc  htiw  rehtie  cirpuc  ox edi  or  

rg tihpa e. Du gnir  eht  m ,gnitle  eht  seitirupmi  ca cumulate no  ht e rus f ca e fo  t eh  mat re ial dna  ti   

semoceb  a moh o eg n uoe s dilos  erutcurts  dna  mrof  s a regnorts  nioj t no  gnilooc  .  

ehT  resal  gnidlew  si  yrev  worran  dna  .etarucca  nI  resal  ,gnidlew  resal  seod  ton  evah  an  y  

lacisyhp  tcatnoc  htiw  eht  lairetam  ot  eb  dedlew . ecneH  on  noitanimatnoc  srucco . ehT  seitreporp  fo   

eht  lairetam  do ton  chan eg  eud  to ew lding. aL s re  idlew ng nac  eb  eirrac d uo t ni  ron mal ohskrow p  

nemnorivne t.  
 
 
 
 
 
 
 
 
 
 
 
2. resaL  cut nit :g  nehW  eht  sal re  si  dewolla  ot  cof us otno  a it ny ,tops  eht  latem  steg  deziropav .  

erehT  lliw  eb  on  ph sy i lac  .noitrotsid  OC 2 resal  si  desu  rof  eht  resal  .gnittuc  ehT  resal   gnittuc  
sdneped  nopu  the tupni  p rewo  rof  eht  resal  maeb  dna  esrevni ly p ropor it ano  l ot  t eh  thi senkc s of th  e  

iretam al. tI  osla  ed p sdne  no  eht  erutan  of eht  sag  desu  htiw  eht  l esa r aeb m. Ox negy  is nommoc ly  
desu  sag . ehT  sag  si  olf wn aoc x lai ly htiw  t eh  b ae m. ehT  noitsubmoc  fo  eht  sag  eh l sp  t eh  em t la  t  o  

teg  pav o dezir  dna  ti  secuder  eht  resal  rewop  hcihw  si  deriuqer  rof  gnittuc . aL s re  stuc  eht  airetam l  
letarucca y  .  
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)4 . noitneM  eht  noitidnoc  f ro  resal  oitca n. nialpxE  eht  w gnikro  fo  a rotcudnocimes  las re .  

102ceD( 4)  
oC snoitidn  rof  resal  tca ion:  

1. ateM  elbatS  Stat :e tI  si  eht  etats  ni  hw i hc  t eh  ato sm  ro  ucelom l se  ats y f ro  na  yllausunu  l  gno  
emit  fo  eht  redro  of 01 -3 to 01 -2 dnoces .  

 
 
 
 
 
 
 
 

sihT  etats  syalp  na  tnatropmi  elor  ni  l isa ng ca tio .n  sihT  reporp ty spleh  in hca ivei ng oitalupop n  
,noisrevni  nI  ex detic  etats  rehto  naht  satem t elba  at mo  yats   fo o  redr o 01 f -8 dnoces .  

2. alupoP t oi n nI rev is on: tI  si  eht  etats  fo  ht e s sy t me  ta  w hcih  the alupop ti no  fo  a ap rt  raluci  
rehgih  ygrene  level  si  ma ed  ot  eb  retaerg  naht  taht  of t eh  low re  ygrene  el vel.  
teL  E1, E2, E3 eb  eht  rene gy l sleve  fo  eht  s metsy  E3 E> 2 E> 1. E2 si  eht  elbatsatem  state fo  the  

sy mets . smotA  teg  ex detic  morf  eht  etats  E1 ot  E3 by snaem  of ex lanret  ecruos  dna  ts ay ereht  f ro   
trohs  it me. esehT  smota  ogrednu  natnops uoe s snart ti snoi  ot  E2 dna  E1. ehT  smota  ta  ht e ts ate E2  

yats  for regnol  emit . A egats  si  er a dehc  ni  hcihw  t eh  rebmun  fo  smota  ta  st eta  E2 is erom  naht  the  
rebmun  fo  smota  ta  E1 w hcih  si  nwonk  sa  upop lat noi  noisrevni .  

 
 
 
 
 
 
 
 
 
 

gnikroW  fo  a dnocimes u tc ro  l sa e :r  ehT  ene gr y dnab  margaid  fo  ivaeh ly depod  np - noitcnuj  si   sa  

nwohs  desaibnu  idnoc it on. tA  lamreht  irbiliuqe u ,m  eht  mreF i l leve  is nu fi ro m ssorca  the tcnuj i no .  
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esuaceB  fo  very hi hg  d gnipo  no  n- ,edis  imreF  level  si  dehsup  otni  eht  tcudnoc i no  dnab  na d  

snortcele  o ucc py eht  p ro noit  fo  eht  noitcudnoc  b dna  l iy ng oleb w eht  reF mi level . nO  P-si ,ed  the  

imreF  level  seil  nihtiw  eht  ecnelav  dnab  dna  eloh s ucco py the noitrop  fo  eht  ecnelav  nab d t ah t seil   

evoba  eht  imreF  el vel. nehW  eht  noitcnuj  si  drawrof  desaib  cele t snor  and seloh  era  i jn e detc  tni o  

eht  noitcnuj  re noig  in hgih  noitartnecnoc s. tA  wol  rof w dra  ,tnerruc  eht  ortcele n-  seloh  

noitanibmocer  stluser  ni  suoenatnops  noissime  fo  snotohp  dna  eht  noitcnuj  stca  sa  a DEL . sA  the  

drawrof  cu tnerr  si  desaercni  laudarg ly dna  nehw  ti  ehcaer s a erht s dloh  eulav  t eh  ac r eir r  

noitartnecnoc  ni  eht  noitcnuj  noiger  ereht  lliw  eb  al r eg  oc n snoitartnec  fo  snortcele  nihtiw   eht  

ba dn . sA  a tluser  noitidnoc  of noitalupop  noisrevni  si  deniatta  ni  eht  worran  re noig . sihT  worran   

enoz  ni  hcihw  italupop on noisrevni  srucco  si  ac l del  sa  na  evitca  ger i ,no  ta  t ah t ats ge a otohp n  

dettime  suoenatnops ly tri sregg  detalumits  noissime . sihT  detalumits  cele t nor - eloh  ibmocer noitan   

secudorp  tnerehoc  taidar i no .  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ygrenE  level  argaid m fo  p-n noitcnuj  di edo  las re   

a( ) erofeB  saib ni g )b(  retfA  gnisaib .  

ehT  detalumits  nortcele - eloh  noitanibmocer  uac s se  noissime  fo  tnerehoc  noitaidar  fo  ev ry orran w  
tdiwdnab h. At moor  et m ,erutarep  sAaG  esal r stime  thgil  fo  aw v ele n htg  90 A00 0 dna  sAaG P l sa er  

 setaidar a A0056 t 0.  
 

ehT  evaw len htg  fo  eht  dettime  resal  maeb  is  

erehW  h – s’kcnalP  noc st.  
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)5  ssucsiD  eht  suoirav  ssol  otcaf sr  ni  lacitpo  rebif  co numm ica oit n. 102ceD( 4)  

sepyT  of ssol  ro  taunetta i no  ni  na  lacitpO  rebif  ,era   
1. A tprosb ion sol s: noitprosbA  fo  snotohp  by im seitirup  ekil  em tal snoi  s hcu  sa  i nor , uimorhc m  ,  

tlaboc  dna  reppoc  ni  eht  acilis  ssalg  fo  hcihw  the fiber si  dam e .fo  gniruD  si lang  p issecor n  g  
snotohp  tcaretni  htiw  el snortce  fo  irupmi ty at .smo  ehT  smota  era  ex detic  dna  de-ex etic  b  y  
gnittime  snotohp  fo  tnereffid  carahc t re tsi sci . eH n ec  ti  si  a ssol  fo  rene gy. ehT  rehto  irupmi ty suc  h  

sa  h ordy x ly  snoi  ( )HO  esuac s si tnacifing  osba r noitp  .ssol  ehT  tprosba i no  fo  snotohp  by bif er  
lairetam  flesti  si  dellac  in cisnirt  noitprosba .  

2. irettacS ngl so s: nehW  eht  elevaw n htg  fo  eht  notohp  si  elbarapmoc  ot  eht  ezis  fo  eht   elcitrap  
neht  eht  irettacs ng takes ecalp . esuaceB  of eht  non - imrofinu ty in unam f irutca n ,g  eht  rfer act  evi  
edni x segnahc  htiw  el n htg  sdael  ot  a .gnirettacs  sihT  epyt  fo  gnirettacs  si  dellac  sa  elyaR igh  

gnirettacs . tI  si  ylesrevni  lanoitroporp  ot  eht  of u htr  rewop  fo  aw v ele n tg h. irettacS ng fo  ohp t no s  
osla  kat se  ecalp  eud  ot  tr deppa  sag  selbbub  hw ic  h era  ton  devlossid  ta  eht  time fo  m funa act gniru  .  

3. oitaidaR n sol s: noitaidaR  sessol  rucco  eud  ot  m pocsorca ic sdneb  dna  mi cipocsorc  b dne s.  
cipocsorcaM  :gnidneb  A ll  lacitpo  srebif  era  vah i gn  lacitirc  suidar  fo  uc rv eruta  dedivorp  by ht e  
erutcafunam r. fI  eht  if b re  si  tneb  woleb  taht  noitacificeps  fo  suidar  fo  ,erutavruc  eht  thgil  ra  y  

tnedicni  no  eht  eroc  gniddalc  ecafretni  lliw  ton  yfsitas  eht  noitidnoc  fo  T .RI  sihT  sesuac  ssol   fo  
rewop lacitpo .  

cipocsorciM  nidneb :g  lacitpO  rewop  ssol  ni  lacitpo  srebif  si  eud  ot  non -uni rof im ty fo  eht  tpo ci  la  
srebif  nehw  the al era y id. noN  ytimrofinu  si  eud  to irutcafunam ng d stcefe  dna  osla  laretal   

erusserp  tliub  pu  no  eht  if reb . ehT  tcefed  eud  ot  non - imrofinu ty eborcim( n )gnid  c na  eb   
emocrevo  by gnicudortni  lacitpo  rebif  edisni  a doog  nehtgnerts  enahteruylop  ekcaj t  

 
)6 . evireD  eht  noitidnoc  rof  noitagaporp  o  f thgil  th or ugh an opti ac l ebif r 4102ceD( )  

redisnoC  a thgil  yar  OA  i tnedicn  ta  na  elgna  θ‘ 0’ sretne  otni  eht  rebif . teL  θ‘ 1’ eb  eht  elgna   
fo  noitcarfer  rof  eht  ray BO . ehT  detcarfer  ray BO  tnedicni  ta  a lacitirc  an elg  09( ˚- θ1) ta  B ezarg s  
eht  ecafretni  neewteb  eroc  dna  gniddalc  ola ng CB . fI  eht  an elg  fo  ecnedicni  si  retaerg  naht   lacitirc  
gna l ,e  ti  ednu r seog  latot  lanretni  noitcelfer . uhT s θ0 si  dellac  eht  w iugeva de atpecca nce an elg  na d  
θnis 0 si  dellac  eht  pa laciremun ert eru  .  

teL  n0, n1 n dna 2 c dna eroc ,muidem eht fo secidni evitcarfer eht eb l gnidda  cepser it ev ly  .  
 
 
 
 
 
 
 
 
 
 

gniylppA  s’llenS  ta,wal  ’O‘  
 
 
 

yhp fo tpeD si TIBJS ,sc   55 egaP



gnireenignE  ph scisy  51 P 1YH 2  

 
no θnis 0 = n1 θnis 1 → )1(   

 
tA  B a eht n  elg o edicni f n  09( si ec - θ1)  

 
morF  s’llenS  ,wal   ta ‘B’  

 
n1 09(nis -θ1) = n2 is 09n   

 
n1 oc sθ1 = n2  

 
θsoc 1 = n2 / n1 → )2(   

 
morF  ( nqe )1   

 
 

iS nΘ0 = is n Θ1 

1√  - 𝑐𝑜𝑠2𝜃1 → 3( )  

2 2 

→ 4( )  
 
 
 
If idnuorrus eht n idem g u  ,ria si m t neh  no = 1 & 

 
erehW  θniS 0 si  dellac  laciremun  erutrepa .  

2 2 

ferehT o er  rof  any an elg  fo  edicni n ec  lauqe  to θi lauqe  ot  ro  ssel  aht n θ0, eht  tnedicni  ray is lba e to  

gaporp eta  yb  RIT . i ,e  θi< θ0 dna   

𝑠𝑖𝑛𝜃𝑖 �  𝑛1 - 𝑛2 

)7 . ehT  egareva  op w re  fo  resal  maeb  fo  htgnelevaw  A8236  si  Wm5 . dniF  eht  un mb re  of  
snotohp  time t de  rep  dnoces  by the os u ecr .  
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n1 

n0 

gnisU  nqe . )2(  ni  3(  )  

� 𝑛1-𝑛2 

𝑛𝑜 

𝑛1 �  
𝑛𝑜 

2 n2 
2 n1
 

 =  
1- n1 

n0 
iS nΘ 0 

= 

2 2 n1 - n2 iS nΘ0 
= 

� 

iS nΘ0 = .N A�  �𝑛1 - 𝑛2  

iS nΘi <S ni Θ 0 

2 2 

𝑠𝑖𝑛𝜃𝑖 �  𝑁. 𝐴 si  eht  noitidnoc  rof  porp a ag it no  .  

)4102ceD(   
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�𝑐 01�36.6 -34 01�3� 8 

Λ 01�8236 - 01  

sihT  ygrene  id ecnereff  semoceb  eht  ygrene  fo  hcae  notohp .  
teL  N si  eht  mun b re  ohp t sno  em ti t de  rep  dnoces  th  ne  

N �  ∆E P=   
01�5 -3 

01�341.3 - 91  

)8 . tahW  si  ?resal  eviG  eht  noitcurtsnoc  dna  gnikrow  of obrac d n xoi i ed  l resa  d ecive .  
)4102ceD(   

ehT  drow  resaL  sdnats  for L hgi t A noitacifilpm  yb  Sti um l deta  E noissim  fo  R aida t oi n. tI  si  a ecived   
hcihw  seifilpma  thgil .  

nobraC  edixoid  OC( 2) resal :  
:noitcurtsnoC  nobraC  oid x edi  resal  stsisnoc  fo  a ahcsid r eg  ebut  ivah ng a retemaid  fo  mc5.2  na  d  

a htgnel  fo  tuoba  m5 . ehT  ahcsid r eg  ebut  si  dellif  htiw  a im x erut  fo  nobrac  ,edixoid  negortin  a dn   
muileh  sesag  ni  eht  oitar  fo  3:2:1  htiw  secart  H2 fo  retaw  opav ur. serusserP  deniatniam  era  tuoba   6  

- rot 71 r.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

owT  lacitpo ly enalp  ,srorrim  eno  luf ly derevlis  and rehto  eno  flah  vlis e der  era  fix de  no  ie t reh  is d  e  

fo  eht  ebut  ron m la  to its axi .s  erehT  si  %001  ivitcelfer ty morf  the luf ly derevlis  rrim or na d  

deziralop  resal  thgil  semoc  tuo  morf  eht  flah  derevlis  rorrim  .  

ikroW n :g   
 

nehW  a elbatius  egatlov  si  deilppa  ssorca  eht  owt  tcele sedor  a wolg  egrahcsid  fo  eht  sag s se  is  

detaitini  ni  ebut  gniruD.  eht  egrahcsid  am ny snortcele  era  tes  fr ee  f mor  sag  smota  dna  om ev   

sdrawot  evitisop  ortcele de ta  hw i hc  emit  ht ey b nige  ot  edilloc  iw th N2 dna  O2 ucelom l se  in ieht r  

,htap  hcihw  ex setic  N2 om selucel  era  ex detic  ot  eht  tsrif  arbiv t lanoi  level  1=V  ihw ch is a  

elbatsatem  etats  fo  N2 elucelom   
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e1+N2 --- ->e2 N+ 2*  

 
erehW  e1 dna  e2 era  eht  ygrene  seulav  fo  eht  cele t snor  erofeb  dna  etfa r eht  noisilloc  evitcepser ly  ,  

dna  N2 dna  N2
* era  eht  ygrene  seulav  eht  N2 selucelom  ni  eht  dnuorg  etats  ,ei  0=V  & 1=V  st eta  .  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

iwekiL s ,e  am ny fo  eht  CO2 selucelom  lliw  osla  eb  desiar  ot  rieht  00( 1) ene gr y etats  hw( i hc  si  on t  

elbatsatem  ts )eta . roF  N2 selucelom  ecnis  V 1=  si  eht  elbatsatem  etats  t, he ucelom l se  er main th re  e  

rof  evitaler ly ol ng emit  hcihw  sdael  ot  aercni se fo  upop la it no  ni  =V 1 .etats  oS  taht  when  

N2 elucelom  ni  eht  atem s elbat  etats  sedilloc  htiw  OC 2 selucelom  in the gr dnuo  ts ate ,b uace se of  

gnihctam  fo  rene gy el v ,sle  tnanoser  rene gy nart s ref  t seka  pl eca  orf m ht e N2 ot  OC 2 m ucelo el   

hcihw  avele t de  ot  eht  0( 0 )1  etats  ehw r sae  N, 2 elucelom  er t nru s to eht  uorg nd ats te .  

Ie N2
* OC+ 2 ->N2+CO2

*  

erehW  OC, 2 dna  OC 2* era  seigrene  fo  OC 2 om elucel  ni  eht  dnuorg  dna  deticxe  etats  evitcepser ly.  

suhT  eht  noitalupop  fo  eht  )100(  ro  E5 level  fo  OC 2 sesaercni  dipar ly wh hci  sdael  eht   noitalupop  

oisrevni n. teL  u  s etoned s dnuorg  ats t 20()010(,e 0 100(dna)001()  ) setats  E sa 1 E, 2 E, 3 E, 4 E dna 5 evel ls  

epser evitc ly sa  nwohs  in .erugif  ecnO  eht  noitalupop  noisrevni  is batse l dehsi  neewteb  E5l eve l  

htiw  tcepser  ot  eht  E3& E4 slevel  neht  owt  nihtiw ecalp sekat noitisnart resal  CO2 sag .  

esohT  snoitisnart  era   ,  

1. noitisnarT  morf  5E  ot  4E  hcihw  sevig  eht  oitaidar n fo  elevaw n htg  hcihw,mμ6.01  si  oc m  se  

rednu  raf  )RI(derarfni  noiger  .  

 
 

yhp fo tpeD s TIBJS ,sci   85 egaP



gnireenignE  ph scisy  51 P 1YH 2  

 
2. rehtonA  noitisnart  morf  5E  ot  3E  el v le  hw i hc  sevig  ir se to r noitaida  fo  w eleva n htg  6.9 μm  

hcihw  si  osla  semoc  ednu r raf  RI  noiger .  

ehT  OC 2 selucelom  ni  eht  2E  level  ogrednu  noisilloc  htiw  eH  & H2O ruopav  selucelom  tneiciffe l  y  

& oc me nwod  ot  eht  rg o dnu  OC.etats 2 resal  epo r seta  htiw  na  ffe i tneic ly of %03  op w re  tuptuo  of  

wef  olik  sttaw  nac  be oc n suounit ly iatniam n de  in a muidem .  
 
)9 . tahW  era  eht  tnereffid  sepyt  fo  op acit l if b ?sre  Ex lp ia n. 4102ceD( )  

gniwolloF  era  eht  di tnereff  t sepy  fo  fi :sreb  

1. elgniS  edom  rebif   

2. petS  xedni  edomitlum  rebif   

3. dedarG  xedni  edomitlum  )NIRG(rebif   
 
 

elgniS  m edo  fi reb : evitcarfeR  i edn x fo  co er  dna  gniddalc  sah  finu orm av l ;eu  t ereh  si  na  ni c aer s  e  

ni  evitcarfer  edni x morf  gniddalc  ot  c .ero  suhT  sti  rfer a evitc  edni x eliforp  sekat  eht  ahs pe fo  a  

pets . ehT  eroc  retemaid  is tuoba  8 ot  01  orcim  retem  dna  ex anret l diam rete  fo  iddalc ng 06  ot  70  

retemorcim . esuaceB  fo  sti  worran  ti,eroc  nac  ediug  tsuj  a elgnis  edom  dna  ecneh  ereht  si   on  

adomretni l srepsid i no . yehT  era  us de  irambus ni n ac e b  la s etsy m  .  
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2. petS  xedni  m itlu m edo  :rebif  tI  si  ralimis  ot  elgnis  edom  rebif  tub  eroc  sah  egral  .retemaid  It  

nac  etagaporp  egral  un m reb  fo  sedom  sa  nwohs  ni  fi ug r .e  resaL  ro  DEL  si  desu  sa  a ecruos  of  

thgil . tI  h sa  na   atad ni noitacilppa l skni .  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3. dedarG  xedni  itlum m edo  :rebif  tI  si  osla  dellac  GR NI . ehT  er f evitcar  ni dex fo  eroc  esaerced  s  

morf  eht  ax si  sdrawot  eht  eroc  iddalc ng .ecafretni  ehT  evitcarfer  edni x eliforp  si  nwohs  in  

rugif e. The nedicni t ra sy  sdneb  na d ekat s a peri do ic htap  al gno  t eh  axi .s  ehT  ra sy  ah v  e  

tnereffid  p shta  htiw  emas  doirep . aL s re  ro  DEL  si  desu  sa  a os u cr e fo  li thg . tI  si  eht  ex visnep e  

fo  a ll . tI  si  desu  ni  et l pe h eno  knurt  neewteb  nec t lar  ffo i ec s  .  
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ehT.)01  noitaunetta  ni  na  lacitpo  rebif  is 6.3 Bd mk/ . tahW  noitcarf  fo  sti  in ti ial in et n ytis   

 
sniamer  retfa  mk3 . )4102ceD(   

ataD  ,nevig  Α k/Bd 6.3= m  .  

 
=? tA  eht  dne  mk3 fo , k3=L m  

 
 :noituloS  

 
01  p tuo  
L p ni  

p uo t ΑL 
= 

p ni  10 
 

tA  fo dne eht  k3  m , 
 

tA  eht  dne  fo  mk3  eht  fr noitca  fo  isnetni ty fo  li thg  taht  is elbaliava  liw l eb  0 )%3.8(2380.  .  

 
11 ). evireD  na  isserpxe on rof  eht  tnaidar  ygrene  ytisned  rednu  amreht l e iuq il b ir um u is ng  

s’nietsniE  ffeoc icients. enuJ(   )5102  
redisnoC  owt  ygrene  setats  E1 dna  E2 fo  a s metsy  fo  .smota  teL  N1 dna  N2 eb  eht  on  fo  mota    

( isned.on ty )noitalupop  ni  eht  rene gy ats t se  E1 E dna 2 ser evitcep ly  .  

teL(  νU  eb  the ene gr y tnedicni  / nu ti  )emulov . teL  snoitaidar  fo  elevaw n htg  ni  eht  egnar  λ  

λ dna   + dλ icni eb d  eht no tne s fo metsy  mota s.  

eL t eb  νU  eht  ene gr y i tnedicn  / tinu  emulov  fo  eht  s etsy m. nehT  νU dν er p stneser  the  

ygrene  isned ty fo  ycneuqerf  v tel  su  redisnoc  .  

)i  ehT  esaC  fo  dnI u ec d ab ros p oit n:  

nI  the esac  fo  dni u dec  noitprosba  )nehw(  na  ta om ni  eht  dnuorg  ats t .e  nehW  sbrosba  a  
 

neisnart sekam ti neht t st eh  l leve  E2.  
 

fo.oN  hcus  noitprosba  rep  tinu  emit  rep  tinu  emulov  si  dellac  R eta  fo  ba so pr ti no .  

ehT  etar  of noitprosba  = B12N1 νU .  

erehW  B 21  si  eht  rp o ilanoitrop ty tnatsnoc  dellac  etsniE in oc e iciff ent fo  i ecudn d  

oitprosba n.  

)ii  suoenatnopS  mE i oiss n:  
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nA  mota  ni  the ex detic  etats  E2 ekam s noitisnart  ot  dnuorg  ts eta  E1 by t eh  em ssi i no   fo  

notohp  fo  euqerf ncy v. fo.oN  cus h uoenatnops s snoissime  rep  tinu  it me rep  nu it ov l mu e is lac led  
etaR  fo  suoenatnops  me si nois . hcihW  si  lanoitroporp  ot  t eh  on . ytisned  in eht  rehgih  en re gy  etats  

N2.  
ehT   etar o suoenatnops f  sime α nois  N2  

etaR  fo  suoenatnops  me i noiss  = A21N2 νU .  
 

erehW  A 12  si  dellac  nietsniE  eoc f tneicif  fo  atnops n suoe  emissi no .  
 

)iii  detalumitS  issime no :  
 

nehW  a noitaidar  fo  erf q neu cy v tnedicni  no  na  at mo  ni  eht  etats  E2. hcihW  etalumits   eht  
mota  ot  ekam  wod drawn  noitisnart  dna  sesuac  eht  noissime  fo  ts umi lat de  ohp t sno .  

 
 etar ehT of detalumits  me i noiss  Α N2  .  

 
etaR  fo  detalumits  noissime  = B21UvN2  

 
erehW  B 12  si  eht  tnatsnoc  fo  ilanoitroporp ty dellac  eht  nietsniE  neiciffeoc t fo  ts i detalum  noissime  .  

dnA  N2 i ytisned ,oN eht s  eht ni  hi rehg  ene gr E etats y 2. tA  lamreht  uirbiliuqe m.  

tA  lamreht  iuqe l rbi i ,mu   

etaR  fo  noitprosba  = (R eta  fo  suoenatnops  noissime  + etaR  fo  s it detalum  emi )noiss   

B12N1UΝ= A21N2 + B 12 N2UΝ  

UΝ B( 21 N1 - B 12 N2) = A21N2  

 

A N2 

B21 

� → 1( )  

E2-E1 

N2=N1e-� KT � = N1 e-hΝ/KT 

.i e ,.  N1 N/ 2 = ehΝ/KT 

� � 
nqE . )1(   semoceb  

UΥ = 
� � 

� � 
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21 � 1B 2N1-N2� 

B 12  �B12N1�-1 

UΝ= B21 � 

= � 

.i e �  

A21 1 

B21N2 

yB  s’nnamztloB  wal  ,  

UΝ=  A21N2 

B� 12N1-B21N2� 

A21
 � 1 

B21 � B12
 � hΥ � 

� 
e � Tk  � -1� 

� 

� � 

� 

� 

� 

� 

� 

� B 12  � � 
� 
� 

� 

� 
� 

→ )2(   
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� � 

By s’kcnalP  wal ,  
UΥ = 

Tk  

� 

gnirapmoC  noitauqe  )2(  & 3( )  

=1 .i e. B12 = B21 
 

ehT  ilibaborp ty of decudni  noitprosda  si  lauqe  ot  eht  its mulat de  me i noiss .  

esuaceB  fo  eht  fo  ytitnedi  eht,  stpircsbus  dluoc  eb  deppord  dna  A 12 B& 12  nac  eb  er p detneser  sa  A  

& B. eroferehT  eht  qe u noita  rof  rene gy d isne ty ta  lamreht  rbiliuqe i mu  si  ,  

� � 

 
� � � hΥ � � 

� 

 
� � 

 
 
 

)21  htiW  elbatius  yar - rgaid a ,sm  nialpxe  eht  elpicnirp  oc sn rt u oitc n of a hol argo ihp c i segam .  
enuJ(   )5102  

pargoloH hy si  eht  cet h euqin  fo  icudorp ng 3-d lanoitnemi  egami  fo  an bo j tce  no  2- 

lanoitnemid  cer o gnidr  ai ,d  by eht  onemonehp n fo  retni f ere n ec . A na d B era  t ow  tnedi ical or  

tnerehoc  smaeb  tnedicni  no  evitisnesotohp  ecafrus  ta  tnereffid  an selg . euD  ot  ecnerefretni  tceffe ,  

ecnerefretni  segnirf  era  dedrocer  no  ipoleved ng the cihpargotohp  etalp .  

A  

 
 
 
 
 

B  

 
elpicnirP  fo  argoloH m snoc urt ct oi n:  

thgiL  evaw  detcelfer  morf  na  tcejbo  era  deziretcarahc  yb  rieht  etni n is ty qs( u era  of  

)edutilpma  dna  esahp . nehW  htob  isnetni ty na d esahp  setubirtta  fo  eht  evaw  imoc ng morf  rht ee  

lanoisnemid  tcejbo  si  dedrocer  on a tohp o parg h ci  ,etalp  ti  si  dellac  oc nst cur t noi  fo  oh lo arg m.  
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c3 

→ 3(  )  
� 
� 

1 
hΥ � � 

e� � 

A21 

B 12  

B 21  

B 12  
= hπ8 Ν3 c/ 3 &  

� 
� � 

� 
� 
� 
� 

� 
1 A 

B 
UΥ = 

kT � 
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nehW  dedrocer  cihpargotohp  etalp  )margoloh(  si  detanimulli  yb  a erehoc nt thgil  ,ecruos  eht  eerht   

lanoisnemid  egami  fo  t eh  igiro n la  tcejbo  si  form .de  sihT  noitamrof  fo  egami  is nwonk  as  

noitcurtsnocer  ssecorp  .  

nI  pargoloh hy ereht  are t ow  sesahp  :  

3) gnidroceR   

4) noitcurtsnoceR  fo  eht  im ega  .  

idroceR ng sah  owt  meth  sdo  

3) evaW  tnorf  noisivid  euqinhcet .  

4) edutilpmA  noisivid  nhcet i uq e.  

)3  gnidroceR  fo  eht  im ega  fo  na  tcejbo  yb  evaw  rf tno  ivid is o  n cet hnique  

Ex dednap  tnerehoc  resal  maeb  morf  eht  resal  ecruos  si  .deniatbo  A trop i no  fo  it si  m eda  t  o  

tnedicni  no  eht  rorrim  and rehto  noitrop  si  edam  ot  tnedicni  no  eht  bo j tce  as s nwoh  in eht  gif  .  

 
 
 
 
 
 
 
 
 
 
 
 
 

cihpargotohP  pl eta  si  decalp  ta  a elbatius  noitisop  os  taht  ti  seviecer  eht  thgil  fer l detce   morf  
htob  eht  rorrim  dna  eht  bo j .tce  ehT  thgil  detcelfer  morf  eht  rorrim  mrof  a enalp  .tnorfevaw  tI  is  

dellac  erefer n ec  b .mae  ehT  hgil t r etcelfe d rf om cae h tniop  no  eht  obj tce  rof m a ps h ire cal  
norfevaw t. tI  si  dellac  tcejbo  maeb . suhT  eht  etni r eref n ec  stceffe  of ht  e wt  o aeb ms ra e re edroc  d on  

eht  p cihpargotohp late.  
sA  eht  lacirehps  aw ve in tcesret  eht  pl ena  evaw  in ralucric  ,senoz  eht  tni erefre n ec  p retta n  

stsisnoc  fo  cirtnecnoc  ic r raluc  ir n sg  gnivah  evitcurtsnoc  dna  evitcurtsed  efretni r ecne . tI  si  ellac d  
robaG  enoZ  alp t .e  
goloH r ma  stsisnoc  fo  nu rebm  fo  s cu h z eno  etalp s. ehT  ertnec  fo  cae h si  di ps l deca  morf  the rehto .  

In eht  cer o dedr  p ta ret n eht  en i iruobhg ng enoz s o palrev  cae h rehto  na d emoceb  pa p nera t, cno e th  e  
mlif  si  eved l depo . si tI  goloh a dellac r ma .  

)4  gnidroceR  eht  im ega  fo  na  tcejbo  yb  am edutilp  vid ision cet inh qu :e   
 
 
 
 

yhp fo tpeD s TIBJS ,sci   46 egaP



gnireenignE  scisyhp  YHP51 1  2  

 
 
 
 
 
 
 
 
 
 
 

dednapxE  tnerehoc  resal  maeb  morf  eht  resal  ecruos  si  .deniatbo  tI  si  edam  ot  cni i ned t no  ht e  
maeb  rettilps . ehT  maeb  rettilps  stcelfer  eht  noitrop  fo  eht  thgil  hcihw  si  cni i ned t no  t eh  .rorrim   

ehT  dettimsnart  thgil  morf  eht  eb ma  rettilps  si  tnedicni  no  t eh  bo j .tce  ehT  detcelfer   enalp  
evaw f tnor  morf  eht  rorrim  dna  detcelfer  lacirehps  stnorfevaw  morf  tnereffid  niop ts no  t eh  bo j tce   

seogrednu  ecnerefretni  on eht  cihpargotohp  etalp  tpek  ta  a elbatius  ecalp . ehT  ecnerefretni  egnirf s  
era  re edroc d no  eht  gotohp r cihpa  alp te. The ed v depole  cihpargotohp  etalp  oceb mes eht  loh ogra  m  

tcejbo eht fo .  
 
31 ). eviG  na  tnuocca  fo  tniop  ot  tniop  tacinummoc ion ys stem u is ng opti ac l fib sre .  

 
 )5102 enuJ(  

 
( tnioP  ot  tniop  co mm u noitacin   ni  )FO  
 

elE c lacirt   
golana   

mrof  fo   eciov  

 
 
 
 
 
 

lacirtcelE   
golana   

eceR iving 
dne   

 
tnioP  fo  tnioP  lacitpo  erbif  noitacinummoc  sy mets  

 
 
A rebif  citpo  noitacinummoc  metsys  si  ev ry cum h ralimis  ot  a lanoitidart  noitacinummoc  s etsy  m  

dna  sah  eerht  rojam  co .stnenopm  A rettimsnart  strevnoc  lacirtcele  sign sla  ot  thgil  si ,slang  an  
lacitpo  erbif  stimsnart  the gis n sla  dna  a reviecer  serutpac  eht  sign sla  ta  eht  rehto  dne  of t eh  bif er  

dna  strevnoc  meht  ot  el lacirtce  is gn sla .  
ehT  rettimsnart  stsisnoc  fo  a thgil  os u ecr  ppus o detr  by assecen ry d evir  tiucric s. sriF t iov ec   

si  detrevnoc  otni  lacirtcele  slangis  gnisu  a .recudsnart  tI  si  dezitigid  ( detrevnoc  ot  anib r  y  
lacirtcele  )slangis  gnisu  a redoc . ehT  dezitigid  ,langis  hcihw  seirrac  eht  eciov  ,noitamrofni  si  def   

ot  na  lacitpo  .rettimsnart  ehT  thgil  ecruos  ni  lacitpo  rettimsnart  EL( D ro  resal  di )edo  ime t  s  
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 redoC  
 
 
 
 
 
 
 
 

redoceD   

lacitpO   
rettimsnart   

 
 
 
 
 
 
 

tohP o  
de  rotcet  

V ecio   
 

gnittimsnarT   
 dne  

 
 
 
 
 

V ecio   
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detaludom  ,thgil  hcihw  is dettimsnart  t guorh h op acit l rebif . The li thg  dettime  by the ruos ce is in  

eht  RI  ran eg  htiw  a htgnelevaw  fo  ,mn058  0031 nm ro  n0551 m.  
nO  eht  rehto  dne  eht  detaludom  thgil  langis  si  detceted  by a otohp  ceted t ro  si   deifilpma  

dna  si  dedoced  gnisu  a redoced . ehT  tuptuo  si  def  to a us i elbat  t dsnar uc sre  ot  vnoc e tr  it otni   na  
oidua  ro  mrof oediv .  

)41  ehT  elgna  o  f ecnatpecca  fo  na  opti lac  if b re  kept  ni air is 03 �. dniF  eht  gna le of  
ecnatpecca  w neh  eht  f rebi  si  ni  a muidem  o  f er f evitcar  i dn xe  3/4 . enuJ(  )5102   

 
 :noituloS  

 
iS nӨ' 

 
 

 =  
 

)51  ssucsiD  eht  setisiuqer  dna  eht  oitidnoc ns f ro  a l resa  tsys em. enuJ(   )5102  
 

setisiuqeR  fo  a resaL  tsyS em:  
1) ehT  ex itatic no  ecruos  for gnipmup  ca it :no  tI  si  eht  lanretxe  ecruos  hcihw  sedivorp  ygrene   

ni  na  etairporppa  mrof  rof  gnipmup  t eh  at smo  to rehgih  ygrene  le ev sl . 
2) evitcA  :muidem  ehT  mutnauq  metsys  ni  hcihw  eht  gnipmup  gnisal&  snoitca  ,rucco   si  

dellac  na  evitca  sys te .m  
3) resaL  ivac t :y  sI  na  evitca  muidem  dednuob  by wt  o srorrim . otanoseR(  )r  

noitidnoC  f ro  resal  tca i :no   
 
3. ateM  elbatS  Stat :e tI  si  eht  etats  ni  hw i hc  t eh  ato sm  ro  ucelom l se  ats y f ro  na  yllausunu  l  gno  

emit  fo  eht  redro  of 01 -3 to 01 -2 dnoces .  

 
 
 
 
 
 
 
 
 
 
 

sihT  etats  lp ays na  im tnatrop  or le in sal ing a noitc . sihT  reporp ty spleh  in iveihca ng oitalupop  n  
,noisrevni  nI  ex detic  etats  rehto  naht  satem t elba  at mo  yats   fo o  redr o 01 f -8 dnoces .  

4. alupoP t oi n nI rev is on: tI  si  eht  etats  fo  ht e s sy t me  ta  w hcih  the op alup ti no  fo  a ap rt  raluci  
rehgih  ygrene  level  si  ma ed  ot  eb  retaerg  naht  taht  of eht  low re  ygrene  el vel.  
teL  E1, E2, E3 eb  eht  rene gy l sleve  fo  eht  s metsy  E3 E> 2 E> 1. E2 si  eht  elbatsatem  state fo  the  

sy mets . smotA  teg  ex detic  morf  eht  etats  E1 ot  E3 by em sna  of ex lanret  ecruos  dna  ts ay ereht  f ro   
trohs  it me. esehT  smota  ogrednu  uoenatnops s snart ti snoi  ot  E2 dna  E1. ehT  smota  ta  ht e ts ate E2  
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yats  for regnol  emit . A egats  si  er a dehc  ni  hcihw  t eh  rebmun  fo  smota  ta  st eta  E2 is erom  naht  the  

rebmun  fo  smota  ta  E1 w hcih  si  nwonk  sa  upop lat noi  noisrevni .  
 
 
 
 
 
 
 
 

)61  eD f eni  elgna  fo  ecnatpecca  dna  laciremun  ap tre u er . niatbO  na  xe p sser ion f ro  the  
laciremun  erutrepa  fo  an lacitpo  fib re . enuJ(  102 )5   

 
elgnA  fo  ecnatpecca  si  eht  elgna  fo  ecnedicni  rof  hcihw  eht  detcarfer  ray sezarg  eht  oc re-cl gnidda   
afretni ce fo  acitpo na  l if b re  .  

 
laciremuN  erutrepa  si  eht  thgil  gnirehtag  iliba ty o tpo na f i lac  fiber.  

 
redisnoC  a thgil  ray OA  i tnedicn  ta  a na ngl  e θ‘ 0  otni sretne ’ t eh  fi reb . teL  θ‘ 1’ eb  eht  elgna  fo   
noitcarfer  rof  eht  yar  BO . ehT  detcarfer  ray BO  in tnedic  ta  a c a lacitir n 09( elg ˚- θ1 B ta )   eht sezarg  

ecafretni  neewteb  eroc  dna  gniddalc  ola ng CB . fI  eht  an elg  fo  edicni n ec  si  itirc naht retaerg c  la  
,elgna  ti  seogrednu  latot  lanretni  noitcelfer . suhT  θ0 si  dellac  eht  ediugevaw  a ecnatpecca n elg   dna  

θnis 0 si  dellac  eht  pa laciremun ert eru  .  
 

teL  n0, n1 n dna 2 c dna eroc ,muidem eht fo secidni evitcarfer eht eb l gnidda  cepser it ev ly  .  
 

morF  s’llenS  wal ,  
 

no θnis 0 = n1 θnis 1 → )1(   
 
 
 
 
 
 
 
 
 
 

morF  s’llenS  tA,wal  B eht  an elg  icni fo d ( si ecne 9  0 - θ1  )  

n1 09(nis -θ1) = n2si 09n   

n1 θsoc 1 = n2  

θsoc 1 = n2 / n1 →  )2(  

morF  ( nqe )1   
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iS nΘ0 = is nΘ1 
 
 
 

gnisU  nqe  )2(  ni  3( )  

 
SinΘ0 = 

 
 

= → 4(  )  
 

ehT  idnuorrus ng uidem  m n ,ria si  o = 1 
 

iS nΘ0 = 

erehW  θniS 0 si  dellac  laciremun  erutrepa .  

 
 

)71  nialpxE  tnemerusaem  fo  stnatullop  ni  somta hp ere  us ni g resal . enuJ(  5102 )  
3. erusaeM m tne  fo  op stnatull  ni  the ta m pso h :ere  nI  the noitacilppa  fo  resal  rof  tnemerusaem  fo   

,tnatullop  resal  si  edam  u es  fo  eht  way sa  ADAR R oidaR(  noitceteD  dna  ignaR n )g  s metsy  is us de .  

ecneH  ti  si  netfo  refer r de  sa  a RADIL  (Li thg  noitceteD  dna  ignaR n )g  .euqinhcet  nI  ht e  RADIL  

,metsys  eht  gnittimsnart  trap  stsisnoc  fo  deslup  resal  dna  eht  iviecer ng trap  stsisnoc  fo  a evacnoc   

,rorrim  otohp  rotceted  and a atad  rp o rossec .  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

nehW  stnemerusaem  era  deirrac  ,tuo  eht  resal  b mae  seogrednu  tacs t re ing at plac se  in the  

erehpsomta  wh ere  ereht  is oc n noitseg  eud  ot  high re  oc n noitartnec  fo  etalucitrap  tam t re . The back  
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derettacs  li thg  si  deviecer  yb  eht  acnoc ve rorrim . ehT  ecnatsid  fo  noitsegnoc  morf  ht e irusaem ng  

noitats  si  detaluclac  no  eht  sisab  fo  emit  yaled  b neewte  eht  eslup  noissime  dna  tpecer i no  fo  the  

kcab  erettacs d li hg t. By gninnacs  eht  sp eca  uora nd eht  ,noitats  eht  necnoc t noitar  fo  ullop t na ts can  

eb  deppam  rof  nereffid t lacitrev  noitces  fo  eht  .erehpsomta  sihT  dohtem  tonnac  edivorp  an  y  

noitamrofni  gnidrager  eht  erutan  fo  eht  irettacs ng selcitrap . sA  siht  euqinhcet  t’nseod  edivorp  eht   

noitamrofni  idrager ng the erutan  fo  the irettacs ng p selcitra  gniwollof  owt  m ero  te nhc i seuq  are  

lof l dewo .  

1. noitprosbA  euqinhceT :  
 
 
 
 
 

ehT  resal  maeb  si  p essa d hguorht  the oC lmcpeld S oc lpllec det  f mor  eht  ta m hpso e er . ehT  snart m ti ted  

maeb  si  rocer d de  htiw  a .rotceted  elihW  eht  maeb  sessap  orht u hg  the ,elpmas  it ednu r  seog  

noitprosba  fo  suoirav  rged see  d idnepe ng nopu  the erp s ecne  fo  ex tca  t epy  fo  acimehc l bus ts na ec   

taht  eht  etalucitrap  esirpmoc  fo . gnidnepeD  nopu  eht  ahc r citsiretca  sba o noitpr  nrettap  devresbo  i  n  

eht  cer o ,gnidr  the pmoc o noitis  fo  eht  cirehpsomta  stnatullop  dluoc  eb  eted r denim .  

.2 aR nam  kcaB  gnirettacS : ecniS  resal  si  hi hg ly ,citamorhconom  ew  ex tcep  ot  ees  no ly one  

enil  ni  t eh  ps e urtc m. But eud  ot  amaR n gnirettacs  in eht  ceps t ,mur  es v re al li sen  fo  l wo  i snetn ity  

lliw  eb  nees  s lacirtemmy ly no  rehtie  edis  of eht  tnedicni  .enil  erehT  wa elev n htg  seulav  will be  

esolc  ot  taht  fo  eht  tnedicni  .thgil  esehT  dda i lanoit  lartceps  senil  era  dellac  sa  edis  dnab .s   

tnereffiD  sag s se  dorp uce tnereffid  edis  sdnab . ehT  stfihs  ni  qerf u eicne s era  emret d as Raman  

tfihs s. suhT  by ivresbo ng the snamaR p rtce mu  of eht  b kca  s derettac  li thg  ni  t eh  ag s elpmas  one  

nac  ssessa  eht  noitisopmoc  fo  t eh  ullop t stna .  

Λ -d Λ Λ  Λ d+  Λ  
 
 
 
 
 

namaR  kcaB  S derettac  S urtcep  m  
 
 
 

)81  A 5  w deslup  resal  stime  thgil  of w eva len htg  496 nm. fI  eht  oitarud  n o  f cae up h lse is 02 n  ,s  
etaluclaC  eht  rebmun  of snotohp  dettime  rep  pu esl . enuJ(  )5102   
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 :noituloS  

 
E = = pt  

01�526.6 -34 3� � 01 8 

15.3 = N 7�  10 11  smota / m3  

eludoM - IV  
rutcurtS latsyrC e  

 
evireD)1  na  noisserpxe  rof  retni  ranalp  gnicaps  o  f latsyrc  in et r sm  of mi rell  idni sec .  

(Jan2013)  
 

redisnoC  a enalp  CBA  hcihw  sgnoleb  ot  a imaf ly fo  senalp . ,h  ,k  l era  eht  relliM  i  secidn  
fo  siht  ,enalp  hcihw  stneserper  eht  s te  fo  plan .se  ehT  rep p ralucidne  ON morf  t eh  ro igin O to the  

enalp  stneserper  eht  retni - ranalp  icaps ng NO=d  fo  siht  imaf ly fo  alp n se . ekam NO teL  a na ngl α e 1,  
β1, γ1 htiw  eht  ,x  ,y  z ax se  evitcepser ly.  

 
 
 
 
 
 
 
 
 
 
 
 
 

ehT  stpecretni  fo  eht  alp ne eerht eht no  axe  s ra e  
AO = a h/  ; =BO  k/a  ; =CO a  l/  

erehW  ’a‘  si  eht  htgnel  fo  eht  ebuc  .egde  
nehT  morf  fi ,erug  ew  h eva   

 
oc sΑ = 

 
soc  Β = 
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.·. N = =  

�𝑐 
𝑝𝑡𝜆 

𝜆 
𝑁�𝑐 

01�496�5 -9 01�02� -9 

d d hd  = = 
AO  a / h a 

d d kd  = = 
OB a / k a 
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d d ld  = = 

OC a / l a 
NO  = [x + y + z ] 

d =[d c so  (Α )+ d oc s (Β )+ d oc s (Γ ) ] 

[ oc s (Α )+ oc s (Β )+ oc s (Γ ) ]=1 rof  eht  lanogohtro   

setanidrooc   
gnitutitsbuS  eht  seulav  of oc sΑ1 soc, Β1, oc sΓ1 ni  noitauqe  ,)2(   

g eW e  ,t  

� � 
� � 

 
 

dh kd  
� � � � � 

 
 

(h + k + l )= 1 

a 
(h + k + l ) 

sihT  si  eht  noitaler  neewteb  retni - ranalp  icaps n ‘g d’ dna  eht  ed eg  of eht  uc be ’a’ . tI  luohs  d  

eb  deton  taht  siht  fo alumr  si  elbacilppa  no ly to evitimirp  latt seci  in c ,cibu  ro t ohroh mbic and  

lanogartet  s smetsy .  

)2 . tahW  si  cimota  cap k gni  etaluclaC?rotcaf  gnikcap  rotcaf  f ro  cs  a b dn cc   
rutcurts es.  

(Jan2013 () July2014)  
tA o cim  gnikcap  f rotca  ( FPA  )  

ehT  noitcarf  fo  eht  ecaps  deipucco  by smota  ni  a tinu  llec  si  nwonk  sa  cimota  gnikcap  caf t ro . tI  si   

eht  oitar  fo  eht  latot  emulov  deipucco  by eht  ota ms ni  eht  tinu  llec  ot  eht  latot  elbaliava  emulov   fo  

eht  tinu  llec .  

elpmiS  cibuc  erutcurts  (S )C :  
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1 

gnireenignE  ph isy  sc  

 
 

oc sΓ 
= 

1 
2 2 2 2 morF  eht  erugif   

1 
2 2 2 1 2 2 1 2 2 1 

 ,tuB  
2 1 2 1 2 1 

2 

=1 d 
CO  

d 
AO  

2 

� � 
2 

� � 
d 
BO  

� � 
� � 

+ + � � 
� 

� � 
� 

2 2 

� � � � � 
ld  + + 

a 

 
 
2 

2 2 2 

2 

� � � � � 
a a 

2 

= 1 � � 
� 

d 
a 

d = 
2 2 2 
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erehT  si  no ly one ecittal  tniop  at ea hc  of the e thgi  co renr s of t eh  nu it .llec  In a pmis le buc ic  

erutcurts  na  mota  si  dednuorrus  by is x tnatsidiuqe  srobhgien . eH n ec  eht  oc - noitanidro  rebmun  si   

6. ecniS  hcae  mota  ni  eht  renroc  si  derahs  by 8 tinu  ,sllec  eht  latot  rebmun  fo  smota  ni  eno  nu i  t  

8× )8/1( si llec  = 1 

ehT  tseraen  robhgien  ecnatsid  ’r2‘  si  eht  ecnatsid  neewteb  eht  sretnec  fo  owt  eraen st  

gnirobhgien  smota .  

 
 
 
 
 
 
 
 
 
 
 

ehT  tseraen  en i robhg  sid t ecna  r2   a =  

ehT  rebmun  fo  ecittal  tniop  s rep  nu it ec ll = 1 

emuloV  fo  lla  smota eht  in a tinu  ec ll v = 3 rπ 3  

emuloV  fo  tinu  llec  = V = a3 = )r2( 3  

 
gnikcaP  f rotca  si  F.P  = 

 
ydoB  deretnec  cibuc  erutcurts  (B CC ):  

 
 
 
 
 
 
 
 
 
 
 
nI  a CCB  erutcurts  ei thg  smota  era  tneserp  ta  gie ht srenroc  dna  eno  mota  si  ta  eht  etnec r. ehT  oc - 

noitanidro  rebmun  is 8. ehT  rebmun  fo  smota  rep  tinu  = si llec  [ 1( / 8×)8 ] 1+  =  2  

ehT  snoc ecittal t na  t is  

)BA( 2 = a2 a + 2 a2 = 2  
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4 

v 4Πr 3 Π = = 
V 3×8r 3 6 

= 5.0 2 = %25  
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)CA( 2 = )BA( 2 + ( )CB 2  

)r4( 2= a2 2 + a2 = 3a2  

 
L ta  tnatsnoc ecit  

 
 

emuloV  fo  lla  smota eht  rep  inu  t llec  v  =  

 
64r 3 

emuloV  fo  eht  tinu  llec  V = a3 =  

 
cimotA  ikcap ng rotcaf  = = 

 
 
)3 . tahW  era  rellim  ?secidni  nialpxE  woh  laixa  stpecretni  ni  a yrc s lat  enalp  era  oc n ev r et  d  
tni o rellim  secidni . 3102yluJ( )  ) 4102ceD(  

relliM“  secidni  si  a tes  fo  eerht  tsewol  elbissop  sregetni  ohw se oitar  t neka  in redro  si  eht  as me  sa  
taht  fo  rpicer o slac  fo  eht  stpecretni  fo  eht  alp n se  on eht  gnidnopserroc  ax se  ni  eht  emas  edro r”  .  

 
erudecorP  ot  dnif  rellim  secidni  fo  pl :sena  

1. dniF  eht  stpecretni  fo  eht  senalp  ola ng x, dna y  a z xi  s  

2. Ex sserp  eht  stpecretni  sa  lanoitcarf  selpitlum  fo  al t ecit  stnatsnoc  ,a  b & c evitcepser ly.  

3. dniF  tuo  eht  icer p lacor  fo  eht se un m sreb .  

4. dniF  eht  tsael  nommoc  elpitlum  )MCL(  fo  the d rotanimone  dna  tlum iply hcae  t mre  tiw h  

L MC .  

5. ni si tluser ehT  eht  rof m fo  ,h  ,k  l. era  dellac  rellim  ,secidni  detoned  by h(  k  )l  
:elpmaxE   

teL  eht  pl sena  evah  stpecretni  ,4   2 ,1  
2:1:4=z:y:x   

orpiceR ac  sl  

 
 
 

ehT  rellim  idni sec  ( era h )lk  = 1(  4 2)  
)4 . tahW  era  rellim  ?secidni  nialpxE  woh  laixa  stpecretni  ni  a yrc s lat  enalp  era  oc n ev r et  d  

otni  ni rellim id sec . 4102ceD(  )  
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4r a = 
3 

2× Πr 3 � � � 
4 
3 � � 

� 

3 3 
3 Π 
8 

v 8Πr3 ×3 3 = 
V 3× 64r3 = 86.0  = %86  

1.  
2.  

3.  
4.  

L  4=MC  
×4  : 1×4  : ×4   

4 2 
1 1 

1 1 1 : : 
4 1 2 
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relliM“  secidni  si  a tes  of eerht  ol w tse  elbissop  sregetni  esohw  ar it o nekat  in redro  t si eh  emas   sa  

taht  fo  rpicer o slac  fo  eht  stpecretni  fo  eht  alp n se  on eht  gnidnopserroc  ax se  in eht  emas   
redro ”.  

 
erudecorP  ot  dnif  rellim  secidni  fo  pl :sena  

6. dniF  eht  stpecretni  fo  eht  senalp  ola ng x, dna y  a z xi  s  
7. Ex sserp  eht  stpecretni  sa  lanoitcarf  selpitlum  fo  al t ecit  stnatsnoc  ,a  b & c evitcepser ly.  
8. dniF  tuo  eht  icer p lacor  fo  eht se un m sreb .  
9. dniF  eht  tsael  nommoc  elpitlum  )MCL(  fo  the d rotanimone  dna  tlum iply hcae  t mre  tiw h  

L MC .  
10. hT ni si tluser e  eht  rof m fo  ,h  ,k  l. era  dellac  rellim  ,secidni  detoned  by h(  k  )l  

:elpmaxE   
teL  eht  pl sena  evah  stpecretni  ,4   2 ,1  

2:1:4=z:y:x   
orpiceR ac  sl  

 
 
 

ehT  rellim  secidni  ( era h )lk  = 1(  4 2)  
)5 . dniF  eht  ta omic gnikcap  rotcaf  o  f ,CS  CCF  na d B CC  rts u tc u ser .  )4102ceD(  

elpmiS.)1(  cibuc  erutcurts  :)CS(   
 

erehT  si  no ly eno  ecittal  tniop  ta  hcae  fo  eht  hgie t srenroc  fo  eht  tinu  llec . ecniS  hcae  mota  in the  
renroc  si  derahs  by 8 inu t fereht,sllec o er  eht  latot  n rebmu  fo  smota  ni  eno  u tin  llec  si  1( )8/  8×  = 1 

ehT  tseraen  en i robhg  sid t ecna  r2   a =  
ehT  rebmun  fo  ecittal  tniop  s rep  nu it ec l ,l  n = 1 

emuloV  fo  na  mota  eht ni  inu  t llec  is v = 3 rπ 3  

emuloV  fo  tinu  llec  = V = a3 = )r2( 3  
 

gnikcaP  f rotca  si  F.P  = = 
 

ydoB.)2(  deretnec  cibuc  utcurts er  )CCB( :  

In a CCB  erutcurts  eight smota  era  p tneser  ta  thgie  srenroc  dna  eno  at mo  ta  eht  ob dy c retne .  

ferehT o er  eht  mun b re  fo  smota  rep  tinu  llec  ,si  n = [ 1( / 8×)8 ] 1+  =  2  

ehT  snoc ecittal t na  t is  
)BA( 2 = a2 a + 2 a2 = 2  

)CA( 2 = )BA( 2 + ( )CB 2  

)r4( 2 = 2a2 + a2 = a3 2  
 
L  tnatsnoc ecitta  
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5.  
6.  

7.  
8.  

L  4=MC  
×4  : 1×4  : ×4   

4 2 
1 1 

1 1 1 : : 
4 1 2 

4 

3 

= 1× 
4Πr 

Π 
6 3 

n v = 25.0  = %25  
3× 8r V 

4r a = 
3 
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emuloV  fo  na  mota  eht ni  inu  t llec  is v = Πr 3 � 
 

64r 3 

emuloV  fo  eht  tinu  llec  V = a3 =  
 
 

cimotA  ikcap ng rotcaf   =  

ecaF.)3(  deretnec  cibuc  erutcurts  :)CCF(   
nI  a CCF  erutcurts  ei thg  smota  era  ta  eht  roc n sre  fo  eht  tinu  llec  dna  six smota  era  erp s ne t at  

eht  nec t re  of eht  is x ecaf s. caE  h roc ne  r mota  si  derahs  by 8  tinu ce  sll na d eht  f ca  e cent ere d at mo  is  
derahs  by 2 gnidnuorrus  tinu  sllec .  

... ehT  rebmun  smota fo  inu rep  t lec i l ,s  n �  

d eht nI i marga ,  
 BA  
)BA( 2= a2 a+ 2  

)r4( 2 = a2 2  

4r 
2 

a 
tseraeN  obhgien r ecnatsid  r2  =  

 
 

emuloV  fo  na  mota  ni  eht  inu  t llec  is v,  = Πr 3 � 
 
 

emuloV  fo  tinu  ,llec  V = a3 =  

 
n v 

 
 
)6 . eD t enimre  eht  ranalpretni  gnicaps  rof  )011(  senalp  rof  reppoc  hcihw  has CCF  stru tc u er   

dna  cimota  suidar  mn721.0 . )4102ceD(   
 

ecittaL  a ,tnatsnoc  = 2 
 

ehT  ranalpretni  icaps ng , d = 
 
 
)6 . niatbO  na  noisserpxe  f ro  eht  ranalpretni  ecnatsid  ni  cibuc  atsyrc l ni  et r sm  of lim l  re  

i idn ec s.  )4102ceD(  

4 
� � 

3 � � 
� 

3 3 
2 × 4Πr 3 × 3 3 

= 
3× 64r 3 

3 Π 
= 6.0 8 = %86  

8 
n v = 
V 

8 �  �  � 6  
1 
8 

 

 

 

 

4 

1 
2 

� � 
3 � � 

3 

� 

�  4  

 = 4r  

ecittaL  tnatsnoC  a = = 2 2r 

2 
2 

64r 
2 2 
4 × 4Πr 3 × 2 2 = 

3× 64r 3 

2 Π 
= 

6 
= 7.0 4 = %47  Π 

3 2 
= 

V 
... nikcap ehT g  = rotcaf  

a = (h 2 + k + l ) 
01  

2 2 

- 01  
3.0 6  ×  

(12 +12 + 0) 

2r = 2  2 × 721.0 � 01 - 01  = mn63.0   

= n652.0 m  
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redisnoC  a alp ne CBA  w hcih  oleb n sg  ot  a f ima ly fo  enalp s er p etneser d by eht  relliM  ecidni s h(  k  

)l . ehT  ralucidneprep  NO  morf  eht  ro i nig  O ot  the enalp  er p stneser  ht e inter-pl rana  sp ca ing d=ON  
fo  siht  imaf l alp fo y n se . teL  NO  ekam  na  elgna  α1, β1, γ1 htiw  eht  x, ,y  z ax se  evitcepser ly.  

 
 
 
 
 
 
 
 
 
 
 
 
 

ehT  stpecretni  fo  eht  alp ne eerht eht no  axe  s ra e  
AO = a h/  ; =BO  k/a  ; =CO a  l/  

erehW  ’a‘  si  eht  htgnel  fo  eht  ebuc  egde .  
nehT  morf  fi ,erug  ew  h eva   

 
oc sΑ = 

 
soc  Β = 

 
oc sΓ = 

 
[ oc s (Α )+ oc s (Β )+ oc s (Γ ) ]=1 

gnitutitsbuS  eht  seulav  of oc sΑ1 , soc Β1, oc sΓ1 evoba eht ni   noitauqe  

g eW e  ,t  
� 

 
dh kd  ld  

� � � � � � 

h k l 
� � � � � 
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hd  
a 
kd  

a 
ld  

a 
 

rof  eht  lanogohtro  setanidrooc   

d d = = 
OA a / h 
d d = = 

OB a / k 
d d = = 

OC a / l 

1 

1 

1 

 ,tuB  
2 1 2 1 2 1 

� � 
� � 

2 

=1 � 
� 

� � � 
� � 

d 
AO  

d 
BO  

2 

� � 
2 

� � 
d 
CO  

+ + � � 

d � + + 
2 2 

� � � � � 2 � � � � � 
a b c 

+ + = 1 � � � � � � 
a b c 

2 2 2 

� � � � � � 

� =  1  
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1 

2 

+ + 
b 

roF  a cibuc  ,erutcurts  c=b=a  .  

,eroferehT  rof  a cibuc  erutcurts   
 

sihT  si  eht  ex noisserp  rof  eht  ranalpretni  atsid n ec  ’d‘  ni  cibuc  cr latsy  ni  mret s fo  im ll re  i secidn .  
 
)7 . hctekS  dna  nialpxe  eht  erutcurts  fo  di oma nd atsyrc l. 102ceD( 4)  

 
rC latsy  erutcurts  o  f omaiD  :dn  

ehT  dnomaid  ecittal  ac n eb  deredisnoc  sa  eht  noitisoprepus  fo  2 ccf  su secittalb  eno  of  
hcihw  si  decalpsid  morf  eht  rehto  gnola  eht  ob dy ogaid n la  fo  eht  tinu  llec  by )4/1( th eht  htgnel   fo  

eht  lanogaid . suhT  a nobrac  mota  lliw  eb  tneserp  ta  eht  retnec  fo  artet h ,norde  iw th ruof  obrac n  
smota  fo  eht  rehto  us b ecittal  sa  sti  n ae r tse  srobhgien  lo ac ted ta  uof r roc n sre  of ht e as me  

dehartet r no . suhT  eht  co- noitanidro  )N(rebmun  of dnomaid  si  4 dna  t ereh  lliw  eb  8 nobrac  at  smo  
tneserp  p re  tinu  c le l )n( . tahT  si  hcae  nobrac  mota  si  ta  eht  retnec  fo  a tet ar 4,nordeh  c nobra  at smo   

era  ta  yllanogaid  o etisopp  ni  eht  .senalp  ehT  al t ecit  tnatsnoc  si  A5.3 o dna  eht  dnob  gnel th is  
A65.6 o.  

ehT  srotcudnocimes  ekil  iS  dna  eG  era  ivah ng dnomaid  st cur t eru  .  
nA  CCF  ecittal  sah  4 ota m nu/s it .llec  tuB  eht  dnomaid  ecittal  esirpmoc s fo  owt  int tenepre r ita n  g  

CCF  bus - ecittal  .  
ferehT o ,er  muN b re  fo  smota  rep  tinu  llec  ni  eht  dnomaid  ecittal  si  2x4 = 8.  

 
dnA  cimotA  gnikcaP  rotcaF   =  

� 
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� 2 c � 

� 

51 P 1YH 2  
 
 
 
� � � 

2 

� a � 

d ( kh l ) = 
 
 
 
 
 
d ( kh l ) = 

k h 2 2 l 
2 

2 2 

a 

(h 2 + k + l ) 

8 
8 
3 

8 4 × 
a3 3 

4 3 × Πr 3 = 
3 61  

Π = %43  
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ereh noitauqe epyT .  
gniredisnoC  a renroc  of t eh  uc be na d ex isserp ng t eh  oc o setanidr  in smret  of eht  ed eg  length of th  e  

,ebuc  eht  noitisop  fo  hcae  fo  eht  C ota ms nac  eb  e av l au t de  .  
ehT  c anidroo t se  fo  eht  lartnec  C at smo  ,era  ¼(  , ¼, )¼ .  
ehT  anidrooc t se  fo  eht  lartnec  C smota  ta  eht  snoitisop  RQP  dna  S era  er spec it ev ly,  

1 1 1 1 1 1 
2 2 

 

)8 . nialpxE  woh  s’ggarb  al w deifirev  gnisu  sggarB  X- yar  ceps tro retem . 4102ceD( )  
ehT  citamehcs  argaid m fo  s’ggarB  x- yar  ceps t retemor  si  nwohs  ni  .gif  tI  si  desu   ot  

enimreted  ecittal  atsnoc nt dna  retni - analp r d tsi na c ’d‘e . I  t sah  )1  x-ray ecruos  )2  A Cr latsy  if x o de n  

a ralucric  elbat  ivorp d de  htiw  elacs  dna  nrev i re . )3  noitazinoI  rebmahc .  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A detamilloc  maeb  fo  x- syar  retfa  issap ng eht  stils  S1 dna  S2 si  dewolla  ot  llaf  no  a atsyrc l  

C detnuom  no  a alucric r t ba l .e  ehT  elbat  nac  eb  detator  tuoba  rev t ci al ax .si  stI  noitisop  nac   eb  

derusaem  by reinrev  V1. nA  noitazinoi  rebmahc  si  if x de  ot  eht  regnol  arm dehcatta  ot  t eh  .elbat   

ehT  noitisop  fo  hcihw  is erusaem d by ve nr i re  V2. nA  etemortcele r si  noc n detce  ot  eht  inoi z ta i no   

rebmahc  to usaem re eht  i noitazino  tnerruc  decudorp  by carffid t de  x-ra sy  fr mo  eht  cr sy tal. S3 dna   

S4 era  eht  dael  stils  ot  l timi  t eh  wi htd  fo  t eh  detcarffid  be ma . ereH  ew  ac n erusaem  eht  isnetni ty o  f  

eht  detcarffid  maeb .  

fI  x-ra sy  tnedicni  ta  na  gna le ’θ‘  no  eht  latsyrc , neht  detcelfer  maeb  sekam  na  elgna  2θ  

htiw  eht  tnedicni  maeb . ecneH  eht  noitazinoi  rebmahc  ac n eb  detsujda  ot  teg  the refl etce d aeb m  

llit  eht  noitazinoi  tnerruc  semoceb  am ximum  .  
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A tolp  fo  noitazinoi  tnerruc  rof  tnereffid  tnedicni  selgna  ot  uts dy eht  x-ray tcarffid i  no  

murtceps  nwohs si  in gif  .  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

ehT  esir  ni  noitazinoI  tnerruc  for nereffid t eulav s fo  ’θ‘  swohs  t ah t Bra ’gg s wal  si  s ta i fs ied  
rof  suoirav  av eul s of ’n‘ . e.i . θnisd2  = λ or 2λ ro  λ3  et .c  kaeP s era  bo s re v de  ta  θ1, θ2, θ3 cte . tiw h  

seitisnetni  fo  P1, P2 P, 3 e ct .  
e.i . θnisd2 1 : θnisd2 2 : θnisd2 3 = λ : λ2  : λ3   

ehT  cr latsy  retni - renalp  ’d‘gnicaps  nac  eb  m derusae  gnisu  θnisd2  = nλ  

� warD)9  eht  yrc lats  senalp  )012(  a dn  01( 1 uc a ni ) ib c atsyrc l. )4102ceD(   

 

 

 

 

 

 

)01  noitneM  eht  eg o lacirtem  noitarugifnoc  fo  eht  eves n latsyrc  ys ets sm . )5102enuJ(   
 

TSYRC AL YS S MET S  
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tnereffiD  cr nillatsy e sdilos  evah  tnereffid  cr latsy  serutcurts . A epyt  fo  cr latsy  erutcurts  si   denifed  

yb  xis  latsyrc  emarap t sre  ,a  ,b  ,c  ,α  β dna  .γ  tA  eht  tsrif  ,ecnalg  ti  sraeppa  taht  ereht  si  a  egral  
rebmun  fo  snoitanibmoc  fo  eseht  temarap e sr  gnidael  ot  a al r eg  rebmun  cr latsy  typ .se  ,tuB  ti   si  
detcirtser  by eht  noitidnoc  taht  elihw  gnillif  eht  ecittal  htiw  tinu  ,sllec  ereht  dluohs  eb  no diov .  
,yllautcA  ereht  era  no ly 7 hcus  noitanibmoc s gnidael  7 cr latsy  s sy t .sme  ,rehtruF   siavarB  

lacitamehtam ly dewohs  taht  nihtiw  eht  7 yrc s lat  s sy t ,sme  41  bus - stnemegnarra  41( - arB v  sia  
)secittal  era  elbissop  ni  avarB is tal it ec .  

 
 

selpmaxE   
 
 
 

 ,reppoC ,norI  
,munimula  lis i ,noc   

l ae d ..   
 
 
 

,niT  raB i mu   
etanatit ..   

 
 
 

,muinarU  uS l ,ruhp   
doS i mu  uS l ahp te ..   

 
 

,suorohpsohP   
 

niT  ediroulF   
 

ssatoP i  mu  
etamorhcid .  

 
,yrucreM  ,htumsiB   

ynomitnA ..  
 

,cniZ  ,muisingaM   
uimdaC m ..   

 
 
 

uJ( n )5102e   
 
 

 08 egaP

laicafretnI   
gnA l se   

 
 
 

β=α  = γ = 09 o  

 
 
 
 

β=α  = γ = 09 o  

 
 
 
 

β=α  = γ = 09 o  
 
 
 
 

γ=α  = 09 o ≠  β  

 
 

≠α  β ≠ γ 09 ≠ o  
 
 

β=α  = γ ≠ 90o  

 
α = β = 09 o,  

Sl.  
no  .  

 
 
 
1 

 
 
 
 
 
2  

 
 
 
 
 
3  

 
 
 
 
4  

 
 
5  

 
 
6  

 
 
7  

 latsyrC S tsy e  m  
 
 
 
 

ebuC   
 
 
 
 
 

 lanogarteT  

saB is  
 srotcev  

 
 
 
a = b = c  
 
 
 
 
 
a = b ≠ c  

siavarB  cittal es  
 
1. CS   
 
2. CB C  
 
3. CCF   

 
 
 

elpmiS.1   ydoB.2  
retnec e  d  

 
,elpmiS.1   ecaf.2  
 ,deretnec  

 
ydob.3   deretnec  

retnec esab.4 e  d  
 

pmiS.1 le  dna  
 

retnec esab.2 e  d  
 

elpmiS.1  cirt l cini   
 
 

elpmiS.1  anogirt  l  
 
 

pmiS.1 l  e  
lanogaxeh   

ibmohrohtrO c a ≠ b ≠ c  
 
 
 
 

onoM inilc c a ≠ b ≠ c  

cinilcirT   

 
lardehobmohR   

 )lanogirt(  

a ≠ b ≠ c  
 
 
a = b = c  

anogaxeH l a = b ≠ c  
γ = 021 o  

 
 
 
11 ). hctekS  dna  ebircsed  eht  etiksvorep  stru tc u er  .  
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ETIKSVOREP  CURTS TURE  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ehT*  erutcurts  of ac l muic  muinatit  ox edi  OiTaC( 3) si  dellac  P iksvore te erutcurts .  

ehT*  eg n are l ch lacime  alumrof  of r etiksvoreP  co sdnuopm  ro  ox sedi  si  OBA 3 o( r A XB ) hw ere A  

dna  B era  owt  snoitac  ev+(  )snoi  ro  latem  ,snoi  dna  O3 ro(  )X  si  na  noina  taht  sdnob  htiw   eht  

emrof r owt  .  

A*  dna  B era  of ev ry diff tnere  ,sezis  ieb A n naht regral g  B.  

emoS*  fo  orep rehto eht v era setiks  OiTaB 3 OiTrS , 3, OiTbP 3 gMdna S Oi 3.  

setiksvoreP*  evah  non - siavarb  cibuc  ecittal  .  

nI*  a cibuc  tinu  llec  A smota  ucco py ebuc  co renr  ,snoitisop  B eht  ob dy nec t re  noitisop   dna  

Ox negy  smota  eht  ecaf  retnec  snoitisop .  

ecneH*  the rebmun  fo  A t epy  × 8 = llec tinu / smota  = 8/1  1 

rebmuN*  fo  B t epy  ota m llec tinu / s   1=  

rebmuN*  fo  ox negy  ta o sm  = llec tinu /  6 × ½ = 3  

ecneH*  eht  rebmun  fo  A OB 3 selucelom  / tinu  llec  1=  

nA*  etanretla  ra ran tnemeg  si  osla  elbissop  rof  ep r setiksvo . nI  siht  ac s ,e  na  A mota  si  ta  eht  ob dy  
,retnec  B smota  a er  ta  srenroc eht  era smota O dna  eht ta  tnec re fo  t eh  ed seg . ebmun ehT r of  

smota  fo  hcae  t epy  sniamer  eht  as em   
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21 ). evireD  B s’ggar  oitauqe n. )5102enuJ(   

 
S’GGARB  WAL   

 
 
 
 
 
 
 
 
 
 
 
 
 
 

redisnoC  a citamorhconom  maeb  fo  x- syar  tnedicni  no  a tes  fo  lellarap  cr sy t la  ,senalp  ta   a  

gnicnalg  elgna  θ.  

ehT  ray A ,B  tnedicni  no  t eh  mota  ta  B si  detcelfer  gnola  CB  .  

ehT  ray ED  in tnedic  no  eht  mota  ta  E si  fer l detce  gnola  E ,F  B ot lellarap C  .  

warD  PB  rep p ralucidne  to CB  dna  FE ot QB  .  

ehT  htap  ereffid n ec  neewteb  eht  detcelfer  ra sy  BC dna  FE  si  δ = EP  + EQ  
 

ro  EP  = d is n ,θ  d gnieb  eht  retni - ranalp  ecnatsid  .  
 

,ylralimiS  QE   = d nis  θ  

eroferehT  δ  = d sin θ + d is n θ = 2 d sin  θ  
s’ggarB  snoitcelfer  evig  esir  ot  evitcurtsnoc  retni f ecnere  if δ = nλ erehw  n = ,2,1  ,3 .  

ecneH  the noitidnoc  rof  evitcurtsnoc  retni fe ecner  is 2 d sin θ = nλ  
sihT  noitauqe  si  rB sa nwonk a ’gg l s wa .  

31 ). ehT  ta o cim  suidar  fo  log d is 441.0 nm. eD t enimre  eht  ranalpretni  ecnatsid  f ro  )011(   
senalp  gnimussa  taht  dlog  b ole n sg  ot  CCF  s tsy em. )5102enuJ(   

 
 
 

a 
h2 + k + l 

 
2 2r 

2 2 
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PE EP  = 
BE d 

morF  ∆ ,EPB  nis  θ =  

t.k.w   

 
d = 

 
 
d = 

2 2 

h 2 + k + l 
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2 414.1*  * 441.0  * 

12 +12 + 02 
 

htiW  eht  pleh  of rotcev  rgaid am nialpxe  eht  smret  sisab  ,srotcev  l ecitta  v tce o ,r   
 

laicafretni  selgna  dna  latsyrc  sretemarap  of a ecaps  cittal uJ(.e ne2 )510   
sisaB  srotcev  dna  ecittaL  rotcev  :  

 
 
 
 
 
 
 
 
 
 
 

redisnoC  a owt  - lanoisnemid  cr latsy  ecittal  (a enalp  fo  )smota  .  
oT  iceps fy a ecittal  tniop  ni  ecaps  ,ecittal  a etanidrooc  sys t me  si  assecen ry.  

redisnoC  a anidrooc te s metsy  htiw  nigiro  ta  emos  ttal i ec  op int A.  
redisnoC  owt  ,tseraen  non - raenilloc  ecittal  stniop  B dna  C  .  

srotcev eht warD  BA  = a dna  CB  = b . 
redisnoC  a ecittal  tniop  D dna  ward  eht  tisop i no  rotcev  AD = R .  

nehT  R = n1 a + n2 b  erehw n1 dna  n2 era  sregetni  rof(  2 )D  .  

roF  a eerht  -D ,ecittal  

hw re e a b dna  c era  eht  sisab  srotcev  / tinu  srotcev  / noitalsnart  srotcev  evitimirp/  srotcev  dna  R 
si  eht  ecittal  rotcev  .  

sisaB  srotcev  era  eht  s tsellam  srotcev  d war n gnola  eerht  evititeper  id r snoitce  fo  ,smota  isu n  g  
hcihw  noitisop  fo  yna  ecittal  tniop  yam  eb  ex serp s de .  

A noitisop  rotcev  ex desserp  ni  smret  fo  sisab  tcev o sr  si  dellac  ecittal  vect ro .  
ehT  noitcerid  fo  a sisab  v c a si rotce r sy t la  axis. erehT  era  eerht  cr latsy  sexa  ,.t.r.w  a nevig  nigiro .  
ehT  noitcerid  fo  a al ecitt  rotcev  si  a cr latsy  di cer t .noi  erehT  era  am ny cr latsy  snoitcerid  ,.t.r.w   a  

nevig  nigiro  .  
laicafretnI  selgna :  

ehT  selgna  neewteb  eht  b sisa  srotcev  are dellac  eht  cafretni i la  an selg .  

a , b dna  c era  eht  sisab  ,srotcev  gninioj  eht  ro i nig  to eht  n tserae  non - nilloc e ra  lat ecit  op i stn .  

teL  ,α  β dna  γ be eht  teb selgna muminim w nee  th  e srotcev  b & c , a & c dna ,  a & b levitcepser y.  
nehT  ,α  β dna  γ era  eht  laicafretni  selgna .  
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-9 01  d = 
 
 
41 )  .  

R = n1 a + n2 b  + n3 c  etirw nac ew  

eL  t  
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ecittaL   :sretemarap  

ehT  yt pe fo  ecaps  ecittal  ro  eht  type fo  a cr atsy l erutcurts  si  denimreted  by a s te  fo  eerht  isab s  

srotcev  dna  eerht  etni r laicaf  gna l se . esehT  xis  sretemarap  era  dellac  latsyrc  sretemarap .  

rO   

eerhT  sisab  tcev o sr  dna  eerht  laicafretni  an selg  s icep fy a tinu  llec  etelpmoc ly dna  era  dellac  t eh   

latsyrc  sretemarap  .  

)51  evireD  na  isserpxe on rof  ranalpretni  ecnatsid  ni  smret  o  f M li rel  ind seci .  
 

)5102enuJ(   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

redisnoC  a anidrooc te s metsy  htiw  O sa  eht  igiro  n c a ni r latsy  lat ecit  .  

teL  a , b dna  c eb  eht  sisab  ve srotc  ola ng eht  eerht  crys lat  ax se  nekat  ni  redro .  
teL  CBA  eb  one fo  eht  p lellara  senalp  per r etnese b d y eht  relliM  secidni  (h k l).  
teL  sti  stpecretni  htiw  eht  cr latsy  ax se  eb  x, y&z in eht  emas  ro de .r   
teL  eht  en xt lellarap  alp ne ssap  orht u hg  eht  ro i nig  flesti .  
warD  PO  lamron  ot  ABC. = PO nehT  d si  eht  retni - ranalp  natsid ce  .  
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teL  eht  selgna  edam  by c eht htiw PO r θ eb sexa latsy 1 θ , 2 dna  θ3 .redro emas eht ni ,  
nehT  PO  oceb m se  a co nomm  tnecajda  edis  ot  t eh  eerht  ri thg  an delg  rt i gna l se  OP ,A  OPB na d  

PO C.  
nehT  =AO x, =BO y& OC=z lliw  eb  eht  gnidnopserroc  h sesunetopy .  
morF  eht  noitinifed  fo  relliM  dnI i sec ,  

 
(h k l  ) =  

 
hT en (x  y z)  =  

 
morF   ,APO∆  

oc sΘ1 = 

 
 

tuB   

� oc sΘ1 = d 
 

 ,ylralimiS  

oc sΘ 2 = d 

 
 
 

yB  gnirauqs  dna  gnidda  enisoc  smret  ew  teg   

oc s2 Θ1 + oc s2 Θ 2 + oc s2 Θ 3 = d � 

 
morF  eht  noitidnoc  fo  ilanogohtro t ,y   

oc s2 Θ1 + oc s2 Θ 2 + oc s2 Θ 3 = 1 
 

� d = 
h 2 + 
a 2 

 
 

d = 
h 2 + 
a 2 

 cibuc roF s sy t ,me  a = b  = c  

a 
h2 + k + l 

 
)61  eD f eni  noitanidrooc  rebmun  dna  p ca king f rotca . Co etupm  eht  gnikcap  f rotca  f ro  CCB   
syrc t sla . uJ( n )5102e   
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� � c � � b 
y 

� a 

� 
� 
� 

� 
� 
� 
� 

� � 

z x 

a b c 
h k l 

OP d = 
AO  x 

a x = 
h 
h 
a 

k 
b 

oc sΘ 3 = d 
dna   

l 
c 

 
 
 
 
 
+ 

� 2 � l 2 k h 2 

+ 
a 2 � 

� 
� 
� c 2 

� 

2 

b 2 

1 
k 

 RO  
+ 

b 2 c 2 

2 l 
2 

2 

+ 
b 2 c 2 

l 

1 

k 2 2 

2 2 
d = 
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ITANIDROOC ON NU REBM   

nI  a cr latsy  lla  eht  smota  evah  na  lacitnedi  uorrus n gnid  .  

ehT  rebmun  fo  idiuqe s tnat  tseraen  smota  gnidnuorrus  na  mota  ni  a cr atsy l si  lac l de  the  

noitanidrooc  rebmun  fo  eht  latsyrc  .  

NC  fo  CS  si  ,6  B CC  si  8 dna  F CC  si  21 .  

CIMOTA  CAP K GNI  ROTCAF  )FP(   

gnikcaP  rotcaf  si  eht  tar io fo  emulov  deipucco  by lla  eht  smota  ni  eht  tinu  llec  ot  eht  ot tal  emulov  

tinu eht fo  ec ll .  

roF  a cibuc  ,erutcurts  ov l emu  fo  = llec eht  a3 hw re e a si  eht  ecittal  natsnoc t  .  
 

ΠR 3 erehw  R si  t eh  ota m ci  dar i su .  

 
fI  ereht  era  n tinu/smota  ,llec  eht  deipucco  ulov me = n 

 
 

n 
ferehT o ,er  FP  = eipucco  d lov . / ot tal ov l. =  

 
rO  FP  = 

 
:CCB  ac siht nI s  ,e n = 2 dna  a = 

 
 

FP  = 
� 
� 

)71  nI  a eticlac  ,latsyrc  dnoces  ro red  s’ggarB  snoitcelfer  rucco  from the p al n se  w ti d h -  
gnicaps  ,Å3  ta  a glan gnic  an elg  of 42 °. etaluclaC  eht  htap  ecnereffid  neewteb  X- syar   
detcelfer  rf om eht  two tnecajda  senalp . ,oslA  etaluclaC  eht  w htgneleva  o  f the X- yar s.  

5102enuJ( )  
2 d nis  θ = nλ  

rofrehT e  :  
D.P  = 2 d nis  θ  
D.P  = 01*3*2 - 01 42nis*   

 
D.P  = 01*44.2 - 01 m  

 
dnA  Λ= 01*22.1 - 01 m  

 
yhp fo tpeD s TIBJS ,sci   68 egaP

4 
3 

emuloV  fo  eht  atom =  

4 
3 

ΠR
3 

4 
3 

ΠR
3 

a 3 

n × 
a 3 

4 
3 

ΠR
3 

R 
 
 
Π = 86.0  

4 
3 

3 
8 

2 4 × 
3 

ΠR 3 = 3 

� � 
R � � 

� 
4 
3 

� 
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 eludoM -5  
 

kcohS  sevaw  dna  ecneicS  fo  onan m reta i sla   
)1 . tahW  era  onan  ?slairetam  nialpxE  brac no  onan  sebut  dna  rieht  ph lacisy  p or p tre i se .  

noitneM  fe  w snoitacilppa  fo  rac bo n n ano tu seb . 3102enuJ( ) 1102naj(  )  
rettaM  arra n deg  by ex gnisicre  lortnoc  revo  el ngt sh  fo  eno  ot  erdnuh d an no retem  dna  the  

gnitalumrof  rts u serutc  ex tibih  scitsiretcarahc  taht  era  cificeps  ot  rieht  size dna  noisnemid s,  eht  
gnitluser  retam i sla  era  dellac  onan  .slairetam  In cinagro  dna  cinagro  an no slairetam  era  eht  wt o  

epyt s. nobraC  N sebutona  si  a ralucelom  sebut  fo  tuoba  000,01  semit  t rennih  t nah  a uh m na  riah ,  
tsisnoc  fo  ellor d up eehs ts fo  nobrac  hex snoga  sa  nwohs  in eht  fi ug re. aC r nob  sebutonan  ah ve th  e  

laitnetop  rof  esu  sa  etunim  ,seriw  lacidem  irtam x rof  htworg  fo  enob  sllec , yrettab  rots a ,eg  leiF d  
noissimE  syalpsiD  dna  hcum  .erom  esehT  sebutonan  era  elgnis  selucelom  saem gniru  a ef w  

sretemonan  ni  retemaid  dna  lareves  snorcim  ni  htgnel  .  
ehT  nan o sebut  tcudnoc i gn  p eitrepor s ed p dne  up no  woh  eht  t ow  sdne  of t eh  sheet meet  

nola g. For a lucitrap ar yaw  fo  arra n tnemeg  fo  ta o sm  gnola  eht  gniteem  enil  sekam  eht  tne i er  t bu  e  
udnoc gnitc  ekil  a latem  dna  rof  rehtona  t epy  fo  arra n ,tnemeg  eht  ut be aheb v se  ekil  a es im   

rotcudnoc  ehW. n eno  t epy  nan o ebut  is dellor  in edis  rehtona  t epy  ew  teg  lum ti aw ll de  nan o type.  
gnisU  dnocimes u rotc  onan  sebut  srotsisnart  dna  cigol  setag  are curtsnoc ted. onaN  seriw  era  am de  
gnisu  onan  sebut . obrac n sebutonan  ex tsi  sa  a orcam - ucelom le fo  ,nobrac  lana o suog  ot  a teehs  of  

etihparg  dellor  otni  a yc l .redni  ,revewoH  nehw  ,dellor  eht  nobrac  egnarra m tne  semoceb  ev r  y  
ts r no g. nI  tcaf , sebutonan  evah  eeb n wonk n ot  eb  pu  ot  one dnuh r de  times as st or ng as steel na d  

tsomla  owt  sretemillim  .gnol  esehT  n sebutona  evah  a lacirehpsimeh  "pac"  ta  hcae  dne  fo  the  
cy rednil .  
)2 . w etir  a eton  no  rac bo n n ano ut be. ssucsiD  suoirav  mutnauq  erutcurts s. )3102enuJ(   

)1102yluJ(   

C nobra  sebutonaN  si  a m ralucelo  sebut  fo  tuoba  1 000,0  semit  t rennih  t nah  a namuh  ,riah  noc tsis   

fo  dellor  pu  steehs  fo  nobrac  snogaxeh  sa  nwohs  in eht  gif u er . nobraC  an n sebuto  evah  eht   

laitnetop  rof  esu  sa  unim te ,seriw  lacidem  irtam  x rof  htworg  fo  enob  ec ,sll  ettab ry ,egarots  Field  

noissimE  syalpsiD  dna  m hcu  erom . ehT se sebutonan  era  is n elg  selucelom  irusaem ng a wef   

sretemonan  ni  retemaid  dna  lareves  snorcim  ni  htgnel .  

ehT  nan o sebut  tcudnoc i gn  p eitrepor s ed p dne  up no  woh  eht  t ow  sdne  of t eh  sheet meet  
nola g. For a lucitrap ar yaw  fo  arra n tnemeg  fo  ta o sm  gnola  eht  gniteem  enil  sekam  eht  tne i er  t bu  e  

gnitcudnoc  ekil  a latem  dna  rof  rehtona  t epy  fo  arra n ,tnemeg  eht  ut be aheb v se  ekil  a es im   
rotcudnoc  ehW. n eno  t epy  nan o ebut  is dellor  in edis  rehtona  t epy  ew  teg  lum ti aw ll de  nan o type.  

gnisU  dnocimes u rotc  onan  sebut  srotsisnart  dna  cigol  setag  are curtsnoc ted. onaN  seriw  era  am de  
gnisu  onan  sebut . obrac n sebutonan  ex tsi  sa  a orcam - ucelom le fo  ,nobrac  lana o suog  ot  a teehs  of  

etihparg  dellor  otni  a yc l .redni  ,revewoH  nehw  ,dellor  eht  nobrac  egnarra m tne  semoceb  ev r  y  

 
yhp fo tpeD s TIBJS ,sci   78 egaP



gnireenignE  ph scisy  51 P 1YH 2  

 
ts r no g. nI  tcaf , sebutonan  evah  eeb n wonk n ot  eb  pu  ot  one dnuh r de  times as st or ng as steel na d  

tsomla  owt  sretemillim  .gnol  ehT es  n sebutona  evah  a lacirehpsimeh  "pac"  ta  hcae  dne  fo  the  
cy rednil .  
 

mutnauQ  sllew   
 
A mutnauq  llew  si  a op t laitne  llew  taht  senifnoc  ,selcitrap  hcihw  ew re ro i lanig ly eerf  ot  m evo  in  

eerht  ,snoisnemid  ot  owt  ,snoisnemid  gnicrof  t meh  ot  ucco py a ranalp  .noiger  ehT  stceffe  of  
mutnauq  tnemenifnoc  ekat  ecalp  nehw  eht  mutnauq  llew  ssenkciht  semoceb  elbarapmoc  ta  eht  ed   
eilgorB  htgnelevaw  fo  eht  sreirrac  lareneg( ly snortcele  dna  )seloh  gnidael  ot  rene gy slevel  ellac  d  
ygrene"  ,"sdnabbus  ,.e.i  t eh  sreirrac  c na  no ly evah  etercsid  ene gr y lav u se  .  

 
ehT  decuder  tnuoma  fo  evitca  lairetam  ni  tnauq um ,sllew  sdael  ot  eb t ret  amrofrep n ec  ni  po it ac l  

secived  hcus  sa  resal  di .sedo  yB  ipod ng rehtie  eht  llew  ,flesti  ro  bareferp l ,y  eht  b reirra  fo   a  
mutnauq  llew  htiw  ronod  ,seitirupmi  a owt - lanoisnemid  nortcele  sag  )GED2(  fo .smr  hcuS   sa  
erutcurts  smrof  eht  gnitcudnoc  lennahc  dna  sah  gnitseretni  seitreporp  ta  wol  erutarepmet .  

 
mutnauQ  wi er  s  

 
In nednoc s de  rettam  ph ,scisy  a qu mutna  eriw  si  na  rtcele i lac ly dnoc u gnitc  ,eriw  in hw i hc  utnauq m  

stceffe  era  gnitceffa  tropsnart  seitreporp . euD  ot  eht  mutnauq  tnemenifnoc  fo  noitcudnoc  cele t or sn   
ni  eht  esrevsnart  itcerid on fo  eht  ,eriw  rieht  esrevsnart  ene gr y si  dezitnauq  otni  a seires  fo  d si erc t  e  

seulav  E0 dnuorg"(  ats t "e  rene g ,y  w hti  rewol  v ,)eula  E1, ...  . nI  mutnauq  seriw  na  ex tca  ac l oitaluc  n  
fo  eht  revsnart se seigrene  fo  eht  denifnoc  cele t snor  sah  ot  eb  frep o demr  ot  etaluclac  a riw e's  

cnatsiser e. gniwolloF  rf om eht  noitazitnauq  fo  nortcele  rene g ,y  eht  ecnatsiser  si  osla  dnuof  to  eb  
ezitnauq d. ehT  ecnatropmi  of eht  qu noitazitna  si  esrevni ly porp o anoitr l to eht  di etema r fo  the  
eriwonan  rof  a nevig  .lairetam  morF  airetam l ot  lairetam , ti  si  ped e nedn t no  ht e le e nortc ci   

itreporp e ,s  yllaicepse  on ht e vitceffe e m sa s fo  the nortcele s. roF  slatem , qu itna z ta i no   
gnidnopserroc  ot  eht  tsewol  rene gy setats  si  no ly devresbo  rof  cimota  riw es. riehT  idnopserroc ng  

htgnelevaw  gnieb  suht  emertxe ly llams  ht ey evah  a ev ry egral  en re gy noitarapes  hcihw  ekam s  
ecnatsiser  noitazitnauq  tcefrep ly bo se bavr le ta  or om erutarepmet  .  

 
mutnauQ  d sto   

A mutnauq  tod  si  a rotcudnocimes  esohw  ex snotic  era  oc n denif  ni  all rht ee s tap i la   
noisnemid s. sA  a ,tluser  yeht  h eva  orp p seitre  taht  era  teb w nee   esoht of ub l  k  

srotcudnocimes  dna  oht se fo  ercsid te m ucelo l se . seR crae h sre  ah ve eiduts d mutnauq  stod   
fo  ,srotsisnart  ralos  ,sllec  ,sDEL  dna  edoid  sal e sr . yehT  evah  osla  detagitsevni  mutnauq   

stod  sa  stnega  rof  lacidem  igami ng dna  epoh  ot  use meht  sa  buq its. tnauQ um stod   era  
srotcudnocimes  esohw  gnitcudnoc  itsiretcarahc sc  era  olc sely etaler   

)3 . ebircseD  htiw  elpmis  ,snoitartsulli  eht  owt  sdohtem  fo  noitaraperp  o  f  
onan m slaireta . )3102yluJ(   
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ehT  slairetamonan  era  derutcafunam  ni  owt  sehcaorppa  .  

obotpoT)1 llitdellimeraselcitrapezisorcimroorcamehtdohtemsihtni:hcaorppamott   
tegew  eht  ezisonan  selcitrap .  

ototmottobnI:hcaorppapototmottoB)2 p opaveht,hcaorppa u foetatsdezir   
selucelom/smota  era  oc n desned  ro  arra n deg  llit  ew  teg  eht  isonan ze rap t ci l se .  

ehT  nereffid t  era sdohtem sisehtnys  
1) rA c Me  doht  

)2 L M resa e  doht  

lacimehC)3  ropaV  :noitisopeD   

nilliM llaB)4 g  dna  
loS)5 - s leg y  sisehtn  

crA - atborofsdohtemlapicnirpehtyltnerruceranoitaziropavresaldnaegrahcsid i llamsgnin   
ilauqhgihfoseititnauq t laicepsslairetamonany l TNCy morfreffussdohtemhtob,revewoH.s   

itaropaveevlovnisdohtemhtobtahtsitsrifehT.skcabward n bracehtg o ,ecruosn s sahtio   
elacsotwohraelcnuneeb u ehtgnisulevellairtsudniehtotnoitcudorpp s rppae o sehca .T eh   

worgsdohtemnoitaziropavtahttcafehtotsetalereussidnoces n retamona i la hnis i hg ly  
smrofdetnawnuhtiwdexim,smrofdelgnat o obracf n slatemro/dna p T.seice h suhtsTNCe   

ebutonangnidliubrofelbmessadna,etalupinam,yfirupottluciffideradecudorp - ecived   
nO.snoitacilppalacitcarprofserutcetihcra l osy l- leg s etamecudorpnacsisehtny r htob(slai   

slatem  dna  )scimarec  ta  l wo  serutarepmet  swohs  t eh  gniwollof  da v egatna  s  
 

• egraL  seititnauq  ot(  eb  laicremmoc ly )elbaiv  evitaler ly ,paehc   
• ezisehtnyS  tsomla  yna  ,lairetam   

oC• -s ezisehtny  owt  ro  erom  retam i sla  suoenatlumis ly  ,  
airetameromroenotaoC• l amrehtootnos atem(slairet l setalucitrapcimarecro ,  

dna  eerht - lanoisnemid  ,)stcejbo   
• ecudorP  emertxe ly suoenegomoh  lla o sy  dna  oc m ,setisop   
• ezisehtnyS  artlu - hgih  irup ty )%9999.99(  am t ,slaire   
• roliaT  eht  noitisopmoc  ev ry yletarucca  neve  ni  eht  rae ly segats  of eht  rp o ,ssec   

esuaceb  eht  sisehtnys  si  lautca ly demrofrep  no  na  cimota  ,level   
• ylesicerP  lortnoc  eht  erutcurtsorcim  fo  eht  lanif  ,stcudorp  dna  ylesicerp  lortnoc   

eht  ,lacisyhp  ,lacinahcem  dna  lacimehc  seitreporp  fo  eht  lanif  stcudorp .  

 
)4 . mutnauqnialpxE  urts J(.serutc uly20 31 )  

retsulcegraLmn001otmn1foegnarezisehtniyravserutcurtsmutnauqfosepytruoferaerehT  
3(selcitraP/s - yaldnasmlifnihT,)D e 2(sr - doR,)D s 1(seriWdna - :sretsulCllamS,)D  mutnauQ   

0( stoD -D).  
slairetamonaN  fo  rewol  d snoisnemi  ni  eht  elacsonan  era  sa  llof :swo -  

3folairetamkluB - 
derasasnoisnemid u tcurtsgnitluserehtnoisnemidenoninoitc u snoisnemid2nier  si  dellac  a  
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if lm  .  

emid2nisinoitcuderehtfI n rtsgnitluserehtsnois u tc ru id1nisie m sne i ino it s  
nauq eriwmut . erehtfI d tcu i rtsgnitluserehtsnoitcerid3ehtllanisino u utc r auqsie nt odmu t  .  

It onandellacoslasi p citra l ahC.retsulcroe r reirraceg s ra eabl ievomote n ceridlla it sno i an   
3-D lairetam , oc n tdenif o nonimlifanienalpa l denoy i aninoitcer  nauq t beriwmu u it na0-  
D erutcurts  eht y lliw  niamer  denifnoc  ot  a yrev  llams  ecaps  .  
 

ehtrofssenkcihtniatrecevahstoddnaeriw,mlifehT m oitceridehtgnolalaireta n  
ewerehw  sa aemehtnahtsselsissenkcihtehT.tnesbasinoisnemidgnidnopserrocehty n eerf   

eehtrofhtap l ninortce t nannieblliwssenkcihtsiht;lairetameh arretemo n T.eg h lairetame   
gnola  eseht  snoitcerid  ex stibih  cipocsosem  eporp r seit .  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
)5  tahW  era  kcohs  sevaw  ? nialpxE  eht  repxe i latnem  dohtem  fo  p or ud c ni g sh co w k seva  a  dn  

gnirusaem  sti  ma hc  rebmun  gnisu  deR dy sh co k t bu e. 4102ceD( )  

aporp setag  ta  cinosrepus  ,sdeeps  sevig  esir  ot  a kcohs  .evaw  hT ey  era  
neddus  i esaercn  ni  erusserp  dna  ytisned  fo  sag  orht u hg  hw i hc  ti  setagaporp .  

 
latnemirepxE  sisylana  gnisu  eR dd y ut be :  

 
miA : oT.1  enimreted  eht  deeps  fo  the amirp ry sh kco  evaw  dna  nimreted e eht  hcaM   

rebmun .  

2. oT  enimreted  eht  𝒑2 ssorca  eht  amirp ry kcohs  evaw  dna  aulave te 𝒑5&𝑻5 t ssorca h  e  
1 

detcelfer  kcohs  evaw  dna  erapmoc  htiw  eht  uclac l deta  seulav .  
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sutarappA  riuqer ed: yddeR  ,ebut  di latig  sserp u er  ag u seg  2,  sserp u er  snes o ,sr  ,epocsollicso   
,mgarhpaid  iknalb ng alp te muucav,  pmup .  

 
yddeR  kcohs  t bu e :  

 
deR dy kcohs  ut be tsisnoc  si  dnah  detarepo  hs o kc  ebut  ac p elba  fo  dorp u ic ng sevawkcohs  by isu ng  

ygrene namuh . stI  gnol  lacirdnilyc  ebut  htiw  owt  snoitces  detarapesera  by mgarhpaid . s’tI  eno  dne   

si  dettif  htiw  notsip  dna  rehto  dne  si  desolc  ro  o ep n ot  t eh  dnuorrus i sgn .  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

noitcurtsnoC :  
 

deR dy kcohs  ut be stsisnoc  fo  c nily d lacir  sselniats  leets  ebut  fo  ba tuo  m03 m retemaid  dna  el ngth  

m1  . tI  si  dedivid  otni  owt  noitces  hcae  of el n htg  5 mc0  eno,  si  revird  ebut  a dn  ot reh  eno   si  nevird  

ebut  detarapes  yb  mm1.0  kciht  fo  mgarhpaid .  
 

1. ehT  deR dy ebut  sah  a ip s not  dettif  ta  raf  dne  of eht  revird  dna noitces  raf  en eht fo d  rd i  rev  

c si noitces los de .  

2. latigiD  sserp u er  ag u eg  si  detnuom  ni  eht  revird  noitces  en xt to t eh  di rhpa a mg  owT.   

cirtceleozeip  srosnes  s1 dna  s2 era  detnuom  mm07  trapa  sdrawot  eht  desolc  dne  fo   eht  

kcohs   ebut . A trop  si  rp o dediv  ta  eht  desolc  dne  of eht  nevird  noitces  rof  the f li gnil   eht  

tset  sag  ot  eht  deriuqer  p er s erus .  
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3. ehT  revird  s noitce  si  dellif  htiw  a sag  demret  sa  dr revi  sag  hcihw,  si  dleh  ta  evitaler ly  hgih  

erp eruss  due ot  serpmoc s gni  noitca  fo  eht  notsip  eht.  sag  nevird  s noitce  is ret m de  as ird v ne   

.sag  
 

kroW ni :g   
 

ehT  revird  sag  si  desserpmoc  by ihsup ng eht  tsip on drah  otni  revird  ebut  un it l garhpaid  m  

serutpur  nehT.  revird  ag s sehsur  otni  eht  nevird  noitces  a dn  sehsup  nevird  sag  sdrawot  eht  f ra   

maertsnwod  dne . sihT  etareneg  gnivom  kcohs  evaw  suoenatnatsni ly sesiar  eht  erutarepmet  dna   

erusserp  of eht  nevird  sag  sa  eht  kcohs  evom  vo re  ti  .  
 

ehT  gnitagaporp  amirp ry kcohs  sevaw  era  detcelfer  morf  eht  maertsnwod  e dn . tfA re  ht e  

,noitcelfer  eht  tset  sag  un ed r seog  fu rehtr  moc p ser s noi  hcihw  stsoob  ti  utarepmet re dna  pr se s eru  to  

llits  rehgih  seulav  by fer l detce  kcohs  sevaw  .  
 

sihT  etats  fo  hgih  v seula  fo  erusserp  dna  arepmet t eru  si  sus t denia  ro  noc it n suou  ( ti  sekat  t mi  e  

fo  eht  redro  dnocesillim s) ta  eht  maertsnwod  dne  litnu  na  ex noisnap  evaw  detcelfer  orf m eht   

maertspu  dne  fo  eht  d revir  ebut  irra v se  ereht  dna  n sezilartue  noisserpmoc  p laitra ly .t eh se  

ex noisnap  sevaw  era  detaerc  ta  eht  tnatsni  eht  aid p mgarh  si  pur tu der  dna  they rt leva  ni  t  eh  

noitcerid  fo  kcohs  sevaw .  
 

lautcA  noitaerc  fo  kcohs  sevaw  era  si  sdneped  no  eht  seitreporp  of revird  and tset  ag s se  dna   

noisnemid  fo  eht  kcohs  ebut  erusserp.  esir  desuac  yb  amirp ry kcohs  w seva  dna  fer l detce  kcohs   

sevaw  era  es desn  by srosnes  s1 s dna  2 evitcepser ly ht dna e ni dedrocer era y  ohtac latigid d  e  

ra eht.)ORC(y  erusserp  s srosne  era  cirtceleozeip  srecudsnart .  
 

ecniS  eht  ex tnemirep  sevlovni  dnocesillim1  noitarud  ,tnemerusaem  ir se t emi  fo  cso i epocsoll   

dluohs  eb  wef  orcim s ce o sdn  htiw  htdiwdnab  fo  1 HM z ro  erom  si  deriuqer . morF  eht  gnidrocer   eht  

,ORC  kcohs  evaw  avirra l emit  si  detaluclac  dna  osla  hcaM  ,rebmun  erusserp  dna  erutarepmet  nac   

eb  detaluclac .  
 

erudecorP :  
 
1. ehT  dne  fo  eht  d nevir  t ebu  si  desolc  htiw  a alb n gnik  etalp  T. he usserp re i edisn  eht  nevird   

noitces  si  decuder  by oc n gnitcen  ti  ot  a v muuca  pu ,pm  dna  evlav  is neht  lc o des .  
 
 

yhp fo tpeD s TIBJS ,sci   29 egaP



gnireenignE  ph scisy  51 P 1YH 2  

 
2. ehT  mgarhpaid  si  dettif  otni  t eh  der dy ut be. eht  erusserp  s rosne s are oc n detcen  ot  eht  CRO aiv   

eht  relpuoc  & ORC  si  tes  rof  resbo v snoita .  
 
3. ehT  notsip  si  nevird  drah  otni  eht  revird  ebut  llit  eht  erutpur  s dnuo  fo  eht  di rhpa ag  m i  s draeh .  

ehT  erusserp  ag u eg  gnidaer  ni  revird  ebut  si  eton d.  
 
4. oT  slangis  fo  p russer e esir  era  s nee  ni  eht  ORC  ,yalpsid  eht  tsrif  one pa p srae  wh amirp ne r  y  

kcohs  sessap  eht  tsrif  es n ros  dna  eht  dnoces  ,eno  nehw  ti  sessap  eht  se oc nd rosnes .  eht morF RC  O  
,yalpsid  eht  emit  nekat  ’t‘  rof  eht  kcohs  ot  levart  b neewte  eht  owt  p erusser  srosnes  is derusaem .  

ehT  ecnatsid  x neewteb  t ow  erusserp  s srosne  si  derusaem  htiw  detaudarg  s ac l .e  
 
5. ehT  ex tnemirep  si  detaeper  3 ro  4 ,semit  dna  eht  egareva  eulav  si  at k ne  dna  ac l uc lat de  t  eh  

gniwollof  .  
 

:snoitaluclaC   
 

1. noitaulavE  fo  hcaM  un m ,reb  :M  
 

ohS kc  deeps  fo  amirp ry s kcoh  ,evaw  =sU  , hcaM  num ,reb  M=  
 
 
)6  eviG  eht  lacihparg  noitatneserper  fo  ytisned  fo  setats  htiw  oitauqe n rof  D2,D1,D0  a dn  D3   

rutcurts es. )4102ceD(   
ytisneD  fo  setats  )soD(  rof  suoirav  mutnauq  ts ur tc u ser :  

itaerT ng eht  f eer  rtcele ons sa  ortcele n sag  ni  o ,en  owt  & eerht  nemid s ,snoi  ew  nac  rra ive at  
ex noisserp  rof  isned ty of setats  rof  eht  evitcepser  c sesa .  

ehT  isned ty of etats s D( o )s  rof  eht  v suoira  qu mutna  serutcurts  sa  noitcnuf  fo  energy ra e nwohs  ni   
if g.  

ehT  SOD  d detone  sa  (g E) rof  D3  am t ,slaire  v ira o su  suounitnoc ly. The den is ty lliw  eb  t py i lac ly of  

eht  redro  t fo h redro e  fo  01 26/ 𝑚3 ve . rof  a 2 -D curts ture,  

ehT  SOD  sdnabbus  ni  a 2-D erutcurts  si   nevig by , E(D )=  
 

eht  sod  detoned  sa  D )E(  seirav  sa  a st pe - uf n noitc  ,.e.i  eht er  will eb  su nedd  ir se ni  D )E(  at  

niatrec  rene gy v seula  hcus  sa  𝐸 ,1 𝐸2 ,,,  f( ig 2. b ti.)  eppah ns uaceb se eht  en re gy pro sserg  ( ni  et smr  of  

rene gy etats s) fo  eht  tsrif  bus  dnab  seunitnoc  neve  nehw  eht  ces o dn  abbus nd strats .  
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So. nI  eht  noces d us b ,dnab  pa a tr  morf  ot  ti s nwo  rene gy ts at ,se  th ere  lliw  be idda it ano l  

noitubirtnoc  morf  eht  co noitaunitn  fo  rene gy st seta  fo  tsrif  dnabbus . ecneH  eht  sod  sesir  ta  cno e at  
t eh  gninnigeb  fo  dnoces  dnabbus  ecneh.  SOD  ir s se  ta  ecno  ta  eht  nnigeb i gn  fo  dnoces  dnabbus .  

,niagA  eht  denibmoc  eht  rene gy rp o sserg  fo  tsrif  & dnoces  sdnabbus  ne ter otni  eht  driht  dnabbus   
&,  D SO  sesir  rehtruf  at eht  tnemecnemmoc  of thi dr  .dnabbus  uhT s ht e o llarev  noitairav  tak se  a  

riats  esac  epahs . ewoh v ,re  eht  sucol  fo  lla  eht  srenroc  fo  eht  lliw  eb  a alobarap . fI  eht  ssenkciht  of  
eht  2-D airetam l si  rcni e ,desa  erom  dnabbus s iw ll eb  rc eat de  hw i hc  resul st  rcni e esa  of ht e step  

tdiw h. fI  kciht n sse  cni r ae es  seunitnoc , neht  ti  si  li tim  eht,  airetam l re ehca s 3- di snem i sno  at hw ich  
,emit  eht  elbaremunni  spets  dluow  eb  s nee  degrem  otni  na  ne v epole  fo  cilobarap  tairav i no  of r  

SOD  a(  s ti  dluohs  eb  rof  a 3-  D retam i eht.)la  d ytisne  i t s py i ac lly o  f eht  o edr  r of 01 18/𝑚2 Ve  2 rof -D  

 

 

 

 

2m ni H (E - Ei ) 
(E - Ei 
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𝑚� ∑ 
).erutcurts   

D )E(  Ed  = �2 𝐻�𝐸 - 𝐸𝑖)  ,Ed  erehW  *m  si  eht  e evitceff  am ss fo  el ortce n in eht  rts uct ,eru  na d  

H E( -𝐸𝑖) si  a pets  noitcnuf  dellac  edisivaeH  itcnuf o sti.n  seulav  era  orez  for E <𝐸𝑖 ,dna  1 for E ≥  
𝐸𝑖  

𝐸𝑖 is t eh  𝑖𝑡� ygrene  level  ni  eht  .dnabbus  roF  a 1- D ,erutcurts  ,.e.i  rof  a nauQ t mu  ,eriw  eht   SOD  
noitairav  si  ton  htooms  sa  ni  eht  ac se fo  3-D rts u erutc  ton  neve  tnatsnoc  revo  t eh  bus  b dna  la s  .o  

ehT  isned ty stih  skaep  ta  rene gy lav u se  e𝐸1, 𝐸2 ,…  dna  sesaerced  par di ly ni  eht  r egna  ni  neewteb   

ehT  SOD  ni  siht  esac  si  nevig  b ,y  snortcele  era  co denifn  ni  eno  ro  erom  snoitcerid  by der ucing the  
snoisnemid  fo  eht  lairetam  ni  esoht  oitcerid n ,s  eht  isned ty fo  eht  s s’etat  ahc n seg  eud  t  o  
noitazitnauq  fi  ygrene  ,  

hcihW  si  a lairetam  decuder  ni  1- noitnemid  ot  onan  ,elacs  ereht  si  tnauQ i noitaz  fo  rene gy eud  ot   
tnemenifnoc  fo  nortcele s ni  eno  noitcerid  eht  ed n is ty fo  setats  for a nauq t mu  llew  o 2r -D lif m is  

Ed  nevig  yb   Ω (E) Ed  = 
Πh
2 

∑ 
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erehW  H(H -Ei) si  eht  edisivaeH  n.noitcnuf i si  eht  etareneged  uf n tc i no .  

)7  tahW  era  eht  seitreporp  fo  obraC n aN n to bu ?se  eD( 4102c )  
seitreporP  fo  S΄TNC   
lacinahceM  seitreporp :  

ehT  elisnet  erts n htg  fo  s΄TNC  si  hcum  hi rehg  t nah  leets  ro  veK l ra  na d dnuof  ot  evah  gih h se t  
elisnet  erts n htg  of la l kn nwo  retam i sla  os  f ra . CN ΄T s nac  dnatshtiw  l regra  sniarts  naht  ets el. hT ey  

era  hi hg ly citsale  dna  tneb  tuohtiw  gnikaerb . nI  noitidda  ot  eht  thgiew  fo  s΄TNC  si  uoba t no ly 1/  6  
leets fo  .  

lacirtcelE)2(  :seitreporp   

yehT  wohs  rtcele i lac  seitreporp  ran gnig  orf m co srotcudn  ot  dnocimes u srotc  idneped ng no  t eh ir  

,erutcurts  ezis  dna  ilarihc t .y  hT rie  tnerruc  rac r gniy  icapac ty si  0001  semit  taht  fo   reppoc  

ivitcudnoc ty fo  a TNC  si  am x mumi  gnola  sti  ax si  dna  ev ry wol  ni  a pe epr n ralucid  rid e tc i no . cneh  e  

yeht  era  tnelaviuqe  ot  D1  srotcudnoc .  

lamrehT)3(  :seitreporp   

riehT  lamreht  dnoc u ivitc ty si  erom  naht  eciwt  taht  fo  diam .dno  ht ey era  ev ry elbats  dna   niater  

rieht  ph lacisy  erutcurts  in muucav  neve  otpu  082 C 0 .  

lacimehC)4(  orp p seitre :  
s’TNC  era  lacimehc ly m ero  treni  derapmoc  ot  rehto  smrof  fo  nobrac  .  

 
)8 . tahW  era  eht  sartlu o cin  dna  cinosrepus  evaw ?s  ebircseD  ni  eirb  f woh  the n amro l hs co  k  

spihsnoitaler  era  rra iv de . 102ceD( 4)  
cinosartlU  w :seva  cinosartlU  sevaw  era  erusserp  sevaw  h gniva  qerf u seicne  dnoyeb  000.02  zH .  
tub  yeht  tr leva  htiw  eht  emas  deeps  sa  taht  fo  .dnuos  edutilpmA  fo  eht  cinosartlu  w eva  is  
osla  llams .  

cinosbuS  w :seva  fI  eht  deeps  fo  eht  lacinahcem  evaw  ro  ydob  gnivom  ni  eht  diulf  si  ressel   naht  
taht  fo  dnuos  neht  hcus  a deeps  si  derrefer  ot  sa  cinosbus  dna  eht  evaw  si  a s nosbu ic .evaw  lA l  

cinosbus  sevaw  ah ve hcam  1<on  .  
eniknaR  na d toinoguH  snoitauqe  cohS( k er l oita n :)s   
redisnoC  a kcohs  evaw  porp a itag ng htiw  a eeps d W ni  a kcohs  .ebut  ehT  noitidnoc  fo  eht   kcohs  

evaw  ta  eht  do maertsnw  dne  nac  be denimreted  by ivlos ng eht  qe u snoita  rof  resnoc v noita  fo  sam  s  
mutnemom  dna  en re gy sa  pa deilp  ot  the cohs k r noige  T. h ese  tauqe i sno  are wonk n sa  R ikna ne na d  

toinoguH  snoitaler .  
redisnoC  owt  snoiger  htiw  ecnerefer  ot  eht  kcohs  ,tnorf  eno  hcihw  si  daeha  fo  kcohs  tnorf  a dn   

rehto  dniheb  ti  . htoB  eht  snoiger  era  ta  f ra  hguone  secnatsid  f mor  t eh  s kcoh  f tnor  os  ht at  
muirbiliuqe  snoitidnoc  deniatta  ni  owt  snoiger  erehw  ph lacisy  noitidnoc s hcus  as p russer e,  

,ytisned  erutarepmet  cte . ofinu era rm.  
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 teL  
noitaerc  fo  eht  kcohs  evaw  ,ecneH.  seht e idnoc t snoi  deniatta  ni  eht  noiger  daeha  fo  eht   kcohs  

aw ve.  
ylralimiS ,𝑝2,𝑇2,𝜌2 dna  �2  eb  eht  idnopserroc ng seulav  retfa  eht  mgarhpaid  erutpur s. ecneH  ht e  y  

era  elbacilppa  ni  the re noig  dniheb  the aw v .e  nehT  eht  ht r ee  resnoc v noita  snoitaler  ihw ch  
roc sdnopser  ot  eht  noitavresnoc  swal  era  as detats  ni  eht  gniwollof  t gnika  s kcoh  anoitats ry f ar m  e  

cnerefer fo e.  

𝜌1𝑢1=𝜌2𝑢2 .………………………  1( )  
noitavresnoC(  fo  )ssam   

,erehW  𝑢1 icolev ty fo  the diulf  daeha  hs eht fo o kc .  

𝑢2 icoleV ty of eht  diulf  gniwollof  eht  kcohs .  

𝑝1+𝜌1𝑢12 = 𝑝2+𝜌2𝑢22 ……………… …. )3(   
inrecnoC( ng noc s itavre on fo  utnemom m)  

�1+ =�2 + …………………… … ...  )4(   

gninrecnoC(  noc s itavre on fo  ene gr y)  
esehT  3 qe u snoita  gnola  htiw  eht  noitauqe  fo  tats e  

.i e VP  =RT ……………………… … .. )5(   
gnisU  eht  evoba  qe ua snoit  eht,  gniwollof  lamron  s kcoh  aler it no s ca ll de  aR nki en  – noguh i  to  

snoitauqe  nac  eb  d devire  ni  hcihw  𝑝5&𝑇5 tneserper  erusserp  dna  erutarepmet  ta  eht  maertsnwod   
dne  dniheb  eht  detcelfer  kcohs  evaw  .  

 
1.  

𝑝1 𝜸� 1 
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𝑝1 , 𝑇1 , 𝜌1 dna  �1 eb  eht  seulav  fo  erusserp  epmet, r eruta  , isned ty na d lahtne py b fe ro  e  

𝒖12 𝒖22 

2 2 

𝑝2 2𝜸 =[1+ �𝑀2 - �1  ]  
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𝜸� 1 𝒑 

= � �  
𝜸-1 

 
=  

𝒑1 

𝑻5 𝒑5 �  

esehT  are eniknaR  – toinoguH  qe u snoita .  
)9  enifeD  kcohs w seva . noitneM  sti  seitreporp . 5102yluJ( )  

 
kcohS  evaw s era  orts ng erusserp  secnabrutsid  taht  era  eg n etare d by ex noisolp  ro  by nalp  e  

niylf g  .  
 rO  

kcohS“  wav se  si  enifed d sa  a ecafrus  hcihw  m stsefina  sa  a d si noc it iun ty in diulf  uidem m  
ni  hcihw  ti  si  gnitagaporp  htiw  s nosrepu ic eeps d  ”  

 rO  
kcohS  sevaw  era  sserp u er  seslup  fo  ocesorcim nd noitarud  htiw  serp s ru e fo  53 - 521 MP  a  

dewollof  by a  elisnet w eva .  
 

reporP :seit  
1. kcohS  sevaw  art v sle  hguorht  tsom  aidem  ta  a hi rehg  deeps  th na  na  idro nary aw ve  .  
2. A kcohs  evaw s esira  ta  ex ,snoisolp  ,noitanoted  cinosrepus  m nemevo st  of dob i se  op wer  

lluf  cirtcele  .egrahcsid  
3. W neh  a hs o kc  w eva s ssessop  orht u hg  a tam t re  ti  bo eys wal s fo  oc n avres t noi  am ss,  

mutnemom  & ygrene  .  
4. yehT  era  lf ni detaerc iu ds.  
5. kcohS  evaw  era  ch cara t dezire  by na  abru ,tp  suounitnocsid  esaercni  ni  sserp u er ,  

erutarepmet  dna  isned ty fo  eht  uidem m.  
 

tahW.)01  era  nan o ?s’lairetam  eniltuO  eht  rutcurts e fo  a rac bon nano t bu e.  
)5102yluJ(   

rettaM  arra n deg  by ex gnisicre  lortnoc  revo  el n shtg  fo  1 ot  001  onan  retem  dna   eht  
gnitalumrof  serutcurts  tibihxe  scitsiretcarahc  taht  era  ficeps ic ot  rieht  ezis  dna  nemid is no s,  

ht e gnitluser  slairetam  era  dellac  onaN  m laireta s.  
nobraC  sebutonaN  si  a ralucelom  sebut  fo  uoba t 000,01  semit  renniht  t nah  a namuh   ,riah  

tsisnoc  fo  dellor  pu  sh stee  fo  nobrac  eh x snoga  as nwohs  in eht  fi ug r .e  T eseh  utonan be  s  

era  is n elg  selucelom  m irusae ng a wef  n emona t sre  ni  emaid t re  dna  es v lare  mi rc o sn  in  

tgnel h. ehT  onan  sebut  gnitcudnoc  seitreporp  ed p dne  nopu  woh  eht  owt  sdne  fo  eht  eehs  t  
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3.  
 
 
 

4.  

𝜸-1 

𝑻1 𝒑1 ��1 𝜸 1�  �𝒑2 
1 

𝑷5 3� 𝜸- �1 𝒑2-�𝜸- �1  

𝑷2 � �𝒑2 

𝜸� 1 

= � �  
𝜸-1 

𝑻2 𝒑2 

� 𝑷2 

𝒑 

𝒑1 

𝜸-1 �� 𝜸� 1� 

𝑻2 𝒑2 ��1 𝜸 1�  �𝒑5 
2 

𝒑5 

𝜸-1 𝒑2 

𝒑 

1 
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teem  gnola . roF  a ralucitrap  way fo  arra n nemeg t fo  smota  gnola  eht  gniteem  enil  ekam s  

eht  eritne  ut be dnoc u gnitc  ekil  a latem  dna  for rehtona  type fo  arra n ,tnemeg  eht   ebut  

sevaheb  ekil  a nocimes d rotcu . nehW  eno  t epy  onan  ebut  si  dellor  edisni  rehtona  t epy  we  

eg t itlum  dellaw  nan  o t epy . isU ng dnocimes u rotc  onan  sebut  srotsisnart  and gol ci  ag te  s ar  e  

tcurtsnoc ed. onaN  seriw  era  am de gnisu  n ona  t bu es.  

onaN  sebut  non - evitcaer  dna  htiw  hgih  serutarepmet  A.  rotsisnart  detacirbaf  gnisu  nan o  

ebut  ta  dnalloH  nac  iws t dehc  on na d fo f htiw  lf ow of a is ng el  e el ct .nor  sihT  uder c se  th  e  

ezis  fo  eht  stiucric  ni  co .sretupm S sisahtny  fo  ac r nob  onan  t ebu s  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

tahW)11  si  gninnacs  nortcele  ?epocsorcim  noitneM  sti  eerht  a ilpp oitac ns. )5102yluJ(   
A lacitcarP  d ecive  th ta  seiler  no  eht  aw ve ch scitsiretcara  fo  cele t nor s, ni  hcihw  cele t  nor  

relecca at de  rednu  a laitnetop  ecnereffid  sevaheb  li ek  a aw ve.  
oitacilppA ns:  

MES  si  yduts ot desu  .  
1( ) Ex lanret  olohprom gy fo  lacigoloib  smsinagro  in eht  bus  m orci s epoc .  
2( ) lacimehC  isopmoc it no   
3( ) enillatsyrC  erutcurts . MES  si  osla  desu  ni  snerof ic evni ts gi a it no  .  
4( ) desU  ot  yduts  eht  orroc d de  la srey  no  em t la  secafrus   
5( ) desU  ot  yduts  lacigoloib  snemiceps  ekil  nellop  rg a sni .  

ehT.)11  ecnatsid  teb w nee  eht  two erusserp  srosnes  ni  a kcohs  ut be is t.mm001 he time  
nekat  yb  kcohs  evaw  ot  levart  siht  ecnatsid  si  002  sorcim e oc nd. fI  eht  yticolev  of  
dnuos  rednu  eht  emas  snoitidnoc  si  s/m043  dnif,  eht  hcaM  rebmun  of t eh  sh co k w eva .  

S ulo it :no   
viG e ,n  ,mm001=d  =t 2 00  mi nocesorc  d  

𝑉𝑠𝑜𝑢𝑛𝑑 m 043= /  s  
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𝑉𝑠�𝑜𝑐𝑘= = s/m005=   
𝑡 01�002 -6 

=M  𝑉 𝑠�𝑜𝑐𝑘 = =  74.1  
043  

hcaM  rebmun  of eht  kcohs  evaw  i  s 4.1 7  
eD.)21 f meni a rebmunhc  cinosbus,  sevaw  dna  cinosrepus  w seva . 5102yluJ( )  

hcaM  :rebmun  
tI  si  d denife  sa  eht  oitar  fo  eht  deeps  fo  eht  tcejbo  ot  eht  deeps  of t eh  os u dn  in t eh  gi ev n  

,muidem   ,.e.i  

= rebmun * hcaM  𝑠𝑝𝑒𝑒𝑑𝑜𝑓𝑠𝑜𝑢𝑛𝑑𝑖𝑛𝑡�𝑒𝑚𝑒𝑑𝑖𝑢𝑚 

tI  si  detoned  sa  M. suht  v si  eht  tcejbo  deeps  na d t eh  deeps  fo  dnuos  ni  eht  uidem m is  ,a  
,neht  M = .  

ecniS  ti  si  a oitar  fo  ,sdeeps  ti  ’nseod t vah e a nu it as t eh  n ema  i est lf dni i tac ,se  it is a rup e  
ebmun r.  

cinosbuS  w :seva   
fI  eht  deeps  fo  eht  lacinahcem  evaw  ro  ob dy m gnivo  ni  eht  diulf  si  ressel  naht  taht   fo  

dnuos  neht  hcus  a eeps d si  derrefer  ot  sa  cinosbus  dna  eht  evaw  si  a bus s cino  .evaw  lA l  
us cinosb  sevaw  ah ve hcam  1<on .  

 
ehT  sdeeps  fo  tsomla  lla  eht  selcihev  hcus  sa  rotom  srac  or sniart  aht  t ew  see vom i gn   no  

eht  daor  llaf  ni  eht  cinosbus  ogetac ry. ehT  sdeeps  fo  thgilf  fo   sdrib is la so s bu s no ic.  
 

roF  a ob dy ivom ng htiw  cinosbus  ,deeps  eht  os und dettime  by ti  seganam  to m evo   daeha  
wa& ay morf  eht  ob dy ecnis  ti  si  retsaf  naht  b eht do  y  

 
 
 
 
 

sevawcinosrepuS :  
cinosrepuS  sevaw  era  m lacinahce  w seva  hcihw  t slevar  htiw  sdeeps  retaerg  t nah  taht  fo   

 ,dnuos i e. . , htiw  sdeeps  rof  hw i ,hc  hcaM  un mb re >1.  
31 ). ssucsiD  eht  scisab  fo  noitavresnoc  fo  ,ssam  mo tnem um dna  en J(.ygre u 5102yl )  
eW  wonk  taht  noc s avre t noi  snaem  eht  m ecnanetnia  fo  c atre in qu titna i se  ahcnu n eg d tiw h  

lacisyhp  ssecorp  .  
waL  fo  noitavresnoc  fo  :ssam  ehT  latot  ssam  fo  yna  detalosi  metsys  er  sniam  

degnahcnu  ro  tnatsnoc   taht segnahc lacisyhp dna lacimehc yna fo tnednepedni si dna  
dluoc  rucco  nihtiw  eht  metsys . 

𝑑 01�001 -3 

𝑉 005  

𝑠𝑜𝑢𝑛𝑑 

𝑜𝑏𝑗𝑒𝑐𝑡𝑠𝑝𝑒𝑒𝑑 

𝑎 
𝑣 

𝑑𝑚 
𝑑𝑡 tahT  si   � 𝑚 ̇ � co tsn   

waL  fo  noitavresnoc  fo  :mutnemom  nI  a desolc  ro  detalosi  ys ,mets  eht  latot  tnemom   
amer i sn  tsnoc a tn . rO  nehw  owt  seidob  edilloc  htiw  na  alosi t de  tsys em, eht   latot  

mutnemom  fo  stcejbo  erofeb  noisilloc  lauqe  ot  eht  retfa  noisilloc .  
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̇ 𝑃1 � � 0 ,ei 𝑚𝑣1� tsnoc   

̇ 𝑃2 � � 0 ,ei  𝑚𝑣2� tsnoc   

𝑝2 � mutnemoM  retfa  noisilloc   

�1� 𝑢12� �2� 𝑢22 - -�3  �  

)41  nialpxE  eht  loS - leG  dohtem  fo  gniraperp  s’lairetamonan  102yluJ( )5   
loS - leG  :euqinhcet  ehT  los  si  a eman  fo  a iolloc d la  noitulos  edam  fo  sol di  trap icl se  fe  w  

derdnuh  mn  ni  ,retemaid  dednepsus  ni  a diuqil  esahp  dna  eht  eb nac leg  oc n is dered  a  s  a  

dilos  elucelomorcam  desremmi  ni  a tnevlos .  

ehT  los - eg l ssecorp  si  a ew t- lacimehc  ab s de  s fle - bmessa ly p secor s for airetamonan l  

oitamrof n. oslA(  nwonk  sa  lacimehC  noituloS  )noitisopeD  ediw ly esu d tnecer ly ni   eht  

sdleif  fo  slairetam  cneics e dna  cimarec  en gnireenig . hcuS  sdohtem  era  desu  iramirp ly for  

eht  af b noitacir  fo  slairetam  (t lacipy ly a latem  ox )edi  gnitrats  orf m a ehc mical sol noitu  os( l,  

trohs  rof  )noitulos  hcihw  stca  sa  eht  srucerp or rof  na  detargetni  krowten  ro(  eg l) fo  ehtie r  

id etercs  selcitrap  ro  krowten  sremylop  .  
 
 
 
 
 
 
 
 
 
 
 
 
 

15). nI  gninnacs  nortcele  ,epocsorcim  snortcele  era  detarelecca  yb  na  edona  laitnetop   

ecnereffid  olik06  tlov . etamitsE  eht  htgnelevaw  fo  eht  snortcele  ni  eht  cs a ninn g  

 
 

001 egaP  

𝑑𝑚𝑣1 

𝑑𝑡 
𝑑𝑚𝑣2 

𝑑𝑡 
𝑝1 nemoM� mut  erofeb  noisilloc   

waL  fo  noitavresnoc  fo  :ygrene  ehT  latot  ygrene  fo  eht  detalosi  metsys  ro   desolc  
metsys  si  tnatsnoc  dna  ti  si  tnednepedni  fo  yna  segnahc  gnirrucco  nihtiw  eht  metsys .  

teL  latot  ygrene  fo  eht  metsys  rep  tinu  ssam  tsisnoc  fo  eht  tni ern la  ne e ygr  U, ik net ci   
ygrene  si  K , laitnetop  ygrene  si  V dna  krow  enod  yb  eht  erusserp  ,P   

nehT  noitavresnoc  fo  ygrene  nac  eb  nettirw  sa   

maeb . ,neviG  =V 06  �  01 3 2yluJ( 0 )51   
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