
CHAPTER 5

QUANTUM MECHANICS

We turn now to the seeond great development in modern
physics, quantum mechanics. Quantum mechanics describes
events on the smal lest  scale.  I t  out l ines ru les govern ing
the behayior of atoms and their constituent elementary
par t ic les.  Studying guantum meehanics,  we f ind a realm
f i l l ed  w i th  su rp r i ses .

Whi le  re la t iv i ty  theory fo l lowed f rom a log ica l  ser ies
of deductions, quantum mechanics developed ad hoe, to explain
exper imenta l  resul ts .  In  th is  chapter ,  we d iscuss the basic
concepts of quantum mechanics and the experimental evidenee
from which they evolved.  Par t icu lar ly ,  we eonsider  nature 's
quantum structure, the wave attr ibutes of matter, the
uncertainty principle, and the random nature of events at the
a tomie  sca le .  9 le  w i l l  a l so  cons ide r  a  few  o f  t he  p rac t i ca l .
spin-offs of quantum theory: semiconductor technolo€ly,
lasers,  magnet ic  resonance imaging,  and superconductors.

QUANTA QE ELECTRIC CHABGE

The term "quantum" infers a "packet" or "parcel. " The
maeroscop ic  Un ive rse  i s  bu i l t  f r om d i sc re te  b i t s ,  o r
"quanta, " and there are fundamental quanta -- i .  e. smallest
b i ts  which cannot  be fur ther  d iv ided.  Moreover ,  a l l  aspects
of the subatomic realn are quantized. As examples, \d€ shall
d iscuss ev idence for  the quant izat ion of  e lect r ie  charge,
mass,  sp in,  and energy.

Robert Mil l ikan proved the quantization of eleetric
charge wi th  h is  "o i l  drop"  exper iment .  He found i t  poss ib le
to suspend a microscopic drop of oi} between two charged
meta l  p la tes and to  determine the e lect r ic  charge on the o i l
drop by observ ing how i t  dr i f ted in  re la t ion to  the p lates.

Three forees aet on
foree due to charge on th
f r i e t i on  o f  co l l i s i ons  w i
determine the dr i f t  ve loc

the drop:  grav i ty ,  the e lect r ic
e p lates,  and a "drag"  foree due to
th a i r  molecules.  These forces
ity at any Eliven t ime.
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Mil l ikan not iced the dr i f t  ve loc i ty  ehanged abrupt ly
f rom t ime to t ime,  and the abrubt  chanEles occurred more
f requen t l y  i f  he  i on i zed  the  a i r  be tween  the  p la tes  (e .9 .  by
plac ing a radioaet ive source nearby) .  Presumably the sudden
change resulted vrhen the drop aequired an e><tra negative
cha rge  ( i . e .  an  e l ec t ron )  o r  exb ra  pos i t i ve  cha rge  ( i . e .  an
atom st r ipped of  one e lect ron) .
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f n  a  pa ins tak ing  se r ies  o f  measuremen ts ,  M i l l i kan
determined that the ratio of the charg,e before an
aecelerat ion to  charge af ter  the aecelerat ion was a lways a
ra t i o  o f  sma l1  i n tege r  numbers  (e .g .  Z /3 ,  5 /9 ,  3 /4 )  - -
d i reet  ev idence that  charge is  quant ized.  Knowing the mass
of the oi1 drop (from other measurements) and the nagnitude
o f  t he  e lec t r i c  f i e l d  be tween  the  p la tes ,  he  cou rd  ca rcu la te
the eharge on an ind iv idual  e lect ron.  I t  is  about  t .6OZ X
10^ -19  cou lomb .

Atoms are exaetLy e lect r ica l ly  neutra l ,  to  the best
experimental accuracy. A carbon atom, with six protons in
i ts  nueleus and s ix  e lect rons surrounding the nucleus,  wi l l
no t  d r i f t  i n  an  exbe rna l  eLec t r i e  f i e ld :  i t  has  ne t  ze ro
elect r ic  charge,  so i t  fee ls  no force.  The charge on the
proton, then, must be exactly equal in ma€lnitude, but
opposi te  in  s ign,  to  tbe charg le on the e leet ron.

OUANTA QE MASS

Knowing the chargle on an electron, scientists ean
measure i ts  mass:  Accelerate e lect rons down a known e lect r ic
potent ia l ,  and d i rect  then through a region between eharged
plates that  is  a lso permeated by an adjustable ma€lnet ic  f ie ld
oriented perpendicular to the eleetron beam and to the
e lec t r i c  f i e l d .  Th i s  reg ion  se lec ts  e lec t rons  w i th  a
pa r t i cu la r  ve loc i t y .
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Now channel  the e lect rons in to another  magnet ic  f ie ld ,
but  wi thout  an e leet r ic  f ie ld ,  and measure the radius of
curvature of  the e lect ron beam. The centr i fugal  force must
equal  the magnet ic  force on the e lect rons.
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We know the  e lec t r i c  cha rde  ( f rom M i l l i kan ' s
ex l rer iments) .  We know the ve loc i ty ,  f rom the ca lcu lat ions
above, and we can measure the nagnetie f ield and the radius
of eurvature. We ean, therefore, ealculate the mass of the
e lec t ron :  I t  i s  abou t  9 .11  X  10^ -28  gm.

Another, independent determination of the electron mass
comes f rom studies of  the e lect ron 's  rest -mass enerd:y .
In  every e lect ron/posi t ron annih i la t ion,  exact ly  the same
energ ly  is  re leased per  par t ic le  - -  0 .511 mEv (assuming!  the
annih i la t in€ par t icJ .es are at  re la t ive rest ) .  By the
equiva lence of  ener€ ly  and mass (E = me^2) ,  the mass of  any
eleetron (or  pos i t ron)  mrst  equal  the mass of  every other
e lec t ron .  (O .511  mEv  eomesponds  t o  a  mass  o f  9 .11  X  IO^ -28
gm.  )
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QUANTA OF S P T N

Sp in ,  a1so ,  i s  quan t i zed .  Suba tom j . c  pa r t i c l es  behave ,
i n  a  way ,  l i ke  sp inn ing  tops  (  t hey  p roduce  an  assoc ia ted
magne t i c  f i e I d ,  ds  wou ld  an  e l ec t r l ca l l y  cha rged  t op ) ,  and
the i r  angu la r  momen tum - -  t he i r  sp in  i s  quan t i zed .
E lec t rons ,  f o r  i ns tance ,  sp in  e i t he r  +  o r  - } : , / 2 .  The  fac to r
L /2  i nd i ca tes  an  e lec t ron  may  sp in  w i th  i t s  ax i s  po j .n ted  one
o f  two  d l rec t i ons  up  o r  down .  (By  conven t ion ,  i f  we  wrap
the  f i nge rs  o f  ou r  r i gh t  hand  i n  the  d i rec t i on  o f  sp in ,  t he
thumb  po ln t s  a l ong  t he  sp in  ax i s . )  The  f ac to r  h ,  P lanck ' s
cons tan t ,  rep resen ts  the  " fundamen ta l  quan tum, "  t he  sma l l es t
poss ib l e  pa rce l  1n  t h j - s  case ,  t he  sma l l es t  poss ib l e  pa rce l
o f  sp i n .

5f;* ttf 57'n ota'^.ltf

APPLICATIONS OF QUANTIZED SPIN: MAGNETIC RESONANCE IMAGTNG

I t ' s  poss ib le  to  use  the  phenomenon  o f  quan tum sp in  i n
p rac t l ca l  dev i ces .  Fo r  l ns tance ,  MRI  magne t i c  resonance
imag ing  a I l ows  doc to rs  to  see  so f t  t i ssue  s t ruc tu re  i ns ide
the  body .  (  S tandard  X - rays  a l so  image  s t ruc tu res  i ns ide  the
body ,  bu t  X - rays  on l y  de f i ne  edges  a i r /wa te r  o r  wa te r /bone

be tween  t i ssues  o f  g ross l y  d i f f e ren t  dens i t y .  )

MRI  works  on  the  fo l l ow ing  p r i nc ip le :  A  sp inn ing  p ro ton
p roduces  a  magne t i c  f i e l d ,  ds  does  any  mov ing  cha rge .
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Placed in  an
i t s e l f  w i t h

external  magnet ic  f ie Id,  a  proton tends to  a l ign
the  f  i e l d .
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Radio \ raves at  the appropr ia te f requency wi l l  f l ip
proton to  a polar i ty  opposi te  the external  f ie ld ,
proton quick ly  f l ips back in to a l ignment  wi th  the
When i t  does so,  i t  emi ts  a rad io wave of  the sFme
frequency (and energy) as the one it  had absorbed.
work to  turn the proton opposi te  to  the f ie ld ,  so
re leased when i t  re-a l igns wi th  the f ie ld .  )

an a l igned
but the
f i e l d .

( I t  takes
energ:y is

3,/ , 2.
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on the s t rength of  the external  f ie ld  and on the proton 's
magnet ic  env i ronment  - -  the magnet ic  f ie lds produeed by i ts
neighbor ing neutrons,  protons,  and e lect rons.  Protons in  the
molecules of  d i f ferent  body t issues have d i f ferent
"neighborhoods"  and therefore emi t  photons of  d i f ferent
f requeney.  The bransi t ion f requencies,  then,  re f lect  the
character  o f  the "neighborhood.  "
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I n  p rac t i ce ,  a  pe rson  i s  p l aced  i r r  a  ve ry  s t r ong  (and
sa fe )  magne t i c  f i e1d .  A  t unab le  rad io  t r ansm i t t e r  t hen
sweeps  the  t i ssues  under  s tudy ,  and  a  rad io  rece i ve r  cap tu res
pho tons  p roduced  j -n  p ro ton  sp in - f I i p  t rans l t i ons .  By
measur rng  the  pho ton  ene rg ies ,  i t ' s  poss  j -b le  to  map  the
d l s t r i bu t i on  o f  b i o l og i ca l  mo lecu les  i ns i de  t he  body  and
c rea te  a  de ta i l ed  lmage  o f  i n te rna r  ana tomy .  such  dev i ces
have  revo ru t l on l zed  med ica l  d iagnos i s  and .  obv ia t ,ed  much
d iagnos t i c  su rqe ry .

QUANTA OF ENERGY

His to r i ca l l y ,  t he  pho toe rec t r i c  e f f ec t  p rov ided  t he
f i r s t  c rue  to  the  quan tum na tu re  o f  ene rgy .  r f  you  sh ine
u l t rav io le t  l i gh t  on  a  nega t i ve l y  cha rged  z inc  p Ia te ,
e l ec t rons  bo i l  o f f  t he  p ra te .  The  g rea te r  t he  i n tens i t y  ( t he
b r l gh te r  t he  l i gh t ) ,  t he  more  eLec t rons ,  bu t  r ed  l i gh t  o r
i n f r a red  p roduces  no  e l ec t rons  a t  a l l .
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r t  t u rns  ou t  t he re ' s  a  m in imum f requency  o f  l i qh t
requ i red  to  e jec t  e lec t rons  f rom the  z inc .  i t ne  m ln imum
f requency  d l f f e r s  w i t h  d l f f e ren t  me ta l s .  )  Be1ow tha t
f requency ,  no  e lec t rons  emerge .  A t  f requenc ies  above  the
min lmum,  e lec t rons  emerge  w i th  k ine t i c  ene rg ies  p ropo r t l ona l
to  the  f requency :  t he  g rea te r  t he  f requency ,  t he  g r -ea te r  t he
k j .ne t i c  ene rgy .

Phys l c i s t s  puzz led  ove r  t h i s  phenomenon  un t1 l  E lns te l n
rea l i zed  t he  pho toe lec t r i c  e f f ec t  cou rd  be  exp ra ined  r f  11gh t
came 1n quanta ca l led "photons, ,  - -  wi th  enLrgy depend, in !
on  f requency .  He  found  the  re la t i on ,  E  =  h f  :  i t r a t  i " ,  a' pho ton  has  an  assoc ia ted  ene rgy  equa l  t o  i t s  f requency  t imes
a  cons tan t ,  h ,  now  ca l l ed  p l anck , s  cons tan t .  I n  t he
pho toe rec t r i c  e f f ec t ,  a  m ln lmum ene rgy ,  hence  a  pho ton  w l t h  a
m ln imum f requency ,  i s  r equ i red  t o  e j ec t  an  e l ec t ron ,
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PLANCK'S CONSTANT

What  i s  P lanck ' s  cons tan t ,  and  wha t  does  i t  r ep resen t?

In  numer j . ca l  t e rns ,  P lanck ' s  cons tan t ,  h ,  i s  6 .6256  X
tA^ -27  e rg - seconds .  An  e rg - sec ,  ( ene rgy  (e rgs )  mu l t i p l i ed  by
t ime  i n  seconds )  r ep resen ts  a  un i t  o f  " ac t i on . "
In terest lng ly ,  these are the same uni ts  as angular  momentum
and  the  same as  the  p roduc t  o f  momen tum t imes  d i s tance .  No te
tha t  P lanck ' s  cons tan t  i s  a  ve ry  sma1 l  number .  No te  a l so  the
use  o f  P lanck ' s  cons tan t  sa t i s f i es  t he  pa rame te rs  o f  t he
equa t lon ,  E  =  h f  ,  conve r t i ng  f requency  to  ene rgy .  ( f  i - s
measu red  i n  un i t s  o f  cyc l es  pe r  second ,  t / sec .  Mu l t i p l y i ng  h
t i nes  f  g i ves  un i t s  o f  ene rgy ,  e rgs .  )

I n  phys i ca l  t e rms ,  w€  n i gh t  t h i nk  o f  P lanck ' s  cons tan t
as  the  meas l l r e  o f  t he  fundamen ta l  quan tum the  fundamen ta l
g ra ln  i n  an  immense  Un ive rse  bu i l t  f r om in f i n i t es ima l
packe t s  o f  mass  and  ene rgy .

ENERGY LEVELS IN ATOMS

Atomlc  spec t ra  a l so  demons t ra te  the  quan tum na tu re  o f
energy,  look at  a  hydrogen or  he l ium lamp through a
d i f f rac t i on  g ra t i ng .  The  g ra t i ng  ac ts  l 1ke  a  p r i sm and
sp reads  the  l i gh t  i n to  i t s  componen t  co lo rs  i t s  spec t rum.
You  can  see  b r i gh t  l i nes  o f  co lo r  sh in ing  d ramat i ca l l y
aga ins t  t he  backg round .

D i f f e ren t  e lemen ts  - -  neon ,  a rgon ,  mercu ry ,  sod ium,  e t c
- -  p roduce  d i f f e ren t  spec t ra l  l i nes .  D i f f e ren t  e l emen ts
d i f f e r  i n  t he  ene rgy  l eve l s  ava i l ab le  to  the i r  e lec t rons .
E lec t rons  i n  sod ium,  fo r  examp le ,  f ee l  d i f f e ren t
e lec t romagne t i c  f i e l ds  than  the  e lec t rons  i n  hyd rogen ,
because  sod ium has  more  p ro tons  i n  i t s  nuc leus  and  ca r r i es  a
la rge r  nuc lea r  cha rge .  An  e lec t ron  1n  a  sod ium a tom a l so
fee l s  the  e lec t romagne t i c  f i e l ds  o f  t he  o the r  t en  e lec t rons
su r round ing  the  nuc leus ,  wh i l e  t he  hyd rogen  e lec t ron  dances
a lone .

S ince  t he r r  e l ec t ron  ene rgy  l eve l s  d i f f e r ,  each  e l enen t
has  r t s  own  " f i nge rp r i n t "  i n  a  spec t rum.
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These  l rnes  rep resen t  quan ta  o f  ene rgy  re leased  f rom a toms
jos t l i ng  i n  t he  f l uo rescen t  1amp .  The  f l ow  o f  e l ec t r l c
cu r ren t  (  i .  e .  t he  f l ow  o f  e rec t rons  )  t h rough  the  l amp  knocks
e rec t rons  to  h ighe r  ene rgy  l eve rs  on  the  a toms  o f  gas  l ns j -de .
When  an  e l ec t ron  f a l l s  back  t o  i t s  i n l t i a l  ene rgy  s ta te ,  i t
r e leases  a  spec i f i c  quan tuu r  o f  ene rgy  - -  l i gh t  w i th  a
pa r t i cuLa r  f requency .  T f  t ha t  f requency  l i es  i n  t he  v i s i . b le
po r t i on  o f  t he  spec t rum,  we  see  ev idence  o f  t he  ene rgy
t rans i t i on  as  a  b r i gh t  l i ne  i n  t he  spec t rum.

MODELS OF THE ATOM

We a re  us ing  the  Bohr  mode l  o f  t he  a tom,  dep ic t i ng
e lec t rons  as  i f  t hey  were  t i ny  p lane ts  o rb i t i ng  a  sun ,  t o
l l l u s t r a te  ene rgy  l eve1s  o f  e l ec t rons  a round  a  nuc leus .  f n
many  ways  t h l s  1s  a  use fu l  mode l ,  bu t  i t ' s  a  b i t  m i s l ead ing .
As  we  sha l l  see ,  t he  e l ec t ron  can  bes t  be  desc r i bed  as  a
wave  and  i t s  pos j - t i on  i n  t he  a tom as  an  , ' amp l i t ude . ' ,  Tha t
i s ,  t he  e l ec t ron  i s  p robab l y  he re ,  bu t  1 t  may  be  ove r  t he re ,
and  i n  fac t  t he re ' s  a  chance  i t  cou Id  be  cLear  ou t  yondEF l -
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ATOMIC FINGERPRINTS: THE SPECTRUM

As t ronomers  rou t l ne ry  ana ryze  spec t ra  to  de te rm ine  the
c i rem lca l  compos i t i on  o f  s ta rs  and  g ras  c louds  i n  space .  To
ob ta i n  t he  spec t rum o f  a  ce les t j . a l  ob jec t ,  t hey  f ocus  1 t s
l i gh t  t h rough  a  d i f f r ac t i on  g ra t i ng  i nco rpo ra ted  i n to  a
te l escope .

Gas  nea r  t he  su r f ace  o f  a  s ta r  o r  i n  an  exc i t ed  gas
c loud  p roduces  an  emiss ion  spec t rum l i ke  a  f l uo rescen t
1 i -qht  1n which El f f i ted f requencies appear  as br lght
1 i nes .
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S im i l a r l y ,  a toms  i n  a  co ld  gas  cLoud  abso rb  spec i f i c
quan ta  o f  ene rgy  and  l a te r  re -emi t  t hose  sEGe quan ta .  when
i t  re -eml t s  a  quan tum o f  ene rgy ,  however ,  t he  a tom l i ke l y
w i l l  em l t  t he  pho ton  i n  a  d i rec t i on  o the r  t han  a long  the  l i ne
o f  s igh t  t o  Ea r th .  Th i s  e f fec t l ve l y f f i r ac t s  the  i rans i t i on
f requenc ies  f rom the  s ta r l i qh t  t ha t  reaches  us ,  and  the
"m issLngr "  f requenc ies  appear  as  da rk  bands  i n  the  spec t rum o f
t he  s ta r l i gh t .
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Note that  f requencies in  the absorpt ion spectrum are the
same as  the  emiss ion  bands  fo r  each  e lemen t .

The sky i tser f  demonstrates a quantum phenonenon.  Blue
sky  rep resen ts  the  emiss lon  spec t rum o f  n i t rog ren  gas  i n  t he
a tmosphe re :  n l t r ogen  morecu les  re - rad j - a te  b l ue  l 1qh t  f r om
the  so la r  ene rgy  they  abso rb .

LASEP.S

Lasers  exp ro i t  a tom lc  ene rgy  t rans i t i ons  to  p roduce
in tense  l : , qh t  o f  a  s ing le  f requency  tha t  i s  a rso  to r r lma ted :
tha t  i s ,  1 t  rema lns  con f i ned  i n  a  na r row  beam and  does  no t
d i spe rse  as  i t  t r ave l s .  The  word  " l ase r ' ,  i s  an  abb rev ia t i on
o f  t he  ph rase  "1 i gh t  ampr l f i ca t i on  by  s t imu la ted  en i ss i on  o f
rad ia t i on .  "
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rn  ope ra t i on ,  an  ou ts ide  ene rgy  sou rce  d r i ves  e lec t rons
in  t he  l as i ng  ma te r l a l  t o  a  h i ghe r  ene rgy  l eve l .  when  one  o f
t he  e l ec t rons  decays  ( f a l l s  t o  a  l owe r  ene rgy  l eve r ) ,  t he
pho ton  i t  r e leases  may  l n te rac t  w i th  ano the r  h iqh -ene rgy
e rec t ron ,  caus ing  i t  a l so  to  decay  and  to  re lea ie  ano the r
pho ton  o f  t he  sane  f requency "  (Th i s  1s  the  " s t imura ted .
emiss lon ' r  o f  one  pho ton  by  ano the r .  )

holo.a. dwour. ot^€- odot a, 5)r'r^"nlg1le.5
5ecorad o,)our1 )- e-\rr\i$ a.

ptaotor,a., alse

Two m i r ro rs ,  one  o f  wh ich  i s  pa r t l a l r y  t ransmi t t i ng ,
b racke t  t he  l as ing  ma te r ia r .  As  pho tons  r i coche t  back  and
fo r th  be tween  thg  m i r ro rs ,  t hey  genera te  a  cascade  o f  pho tons
a l l  o f  t he  same f requency .  some o f  t he  pho tons  l eak  ou t ,
t h roug t r  t he  pa r t i a l l y  t ransmi t t i ng  rn i r ro r ,  and  tha t , s  t he
lase r  "beam"  we  see .

lasi5 rnalcr;\

f^r. t

/f

v
YYOY (orF.a\\, dnrang.rlif,. y rnri"wor

Phys lc i s t s  can  choose  f rom many  d , i f f e ren t  ma te r la l s  t o
!u i l c i  l ase rs ,  and  d l f f e ren t  l ase rs  p rod ,uce  beans  o f  d , i f f e ren t
f requency  and  i n tens l t y .  They  se rv l  a  mu l t i t ude  o f  f unc t i ons

f rom eye  su rge ry  to  su rvey ing ,  t o  we ld lng ,  and  even  as
op t i ca l  " tweeze rs "  t o  man ipu la te  and .  s tud .y  i nd . i v rdua r  a toms .
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THE WAVE NATURE OF MATTER 
+

L i ke  t he  M iche l son -Mor l ey  expe r imen t  used  t o  i l l u s t r a te
aspec ts  o f  spec j -a l  re la t i v i t y  and  the  lmag lna ry  spacesh lp
w i th  wh ich  we  demons t ra ted  some o f  t he  l deas  o f  genera l
r e l a t l v i t y ,  t he  "doub le  s1 i t "  expe r imen t  con ta i ns  t he  essence
o f  quan ium mechan ics .  I t  mode ls  behav io r  o f  e lemen ta ry
pa r t i c l es .

Imag ine  shoo t l ng  peas  f rom a  pea  shoo te r  t oward  a  s ing le
s l i t  i n  an  o the rw ise  impene t rab le  ba r r i e r .  Peas  can  pass
th rough  the  s l i t  t o  a  de tec to r ,  wh lch  coun ts  them.  I f  we
reco rd  the  number  o f  peas  a r r i v i ng  a t  d i f f e ren t  po in t s  on  the
de tec to r ,  w€  f l nd  t he  f o l l ow ing  d i s t r i bu t i on :

Qo

I
I
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Most  o f  t he  peas  tha t  reach  the  de tec to r  pass  d i rec t l y
th rough  the  cen te r  o f  t he  s l i t ,  iD  l i ne  w i th  the  s l i t  and  the
shoo te r .  Some,  however ,  s t r i ke  the  edge  o f  t he  s l i t  and
r i coche t  away  f rom the  d i rec t  l i ne ,  a r r i v i ng  a t  t he  de tec to r
some d l s tance  f rom the  m id -po ln t .

Now le t ' s  repeaL  the  expe r imen t  w j - th  waves  l ns tead  o f
peas .  we '11  measu re  t he  amp l i t ude  o f  t he  waves  a r r l v i ng  a t
d i f f e ren t  po in t s  on  t he  de tec to r .  As  we  have  seen  p rev ious l y
w i - t h  t he  r l pp le  t ank  ( see  p .  ) ,  amp l i t ude  va r i es  ac ross  t he
end  o f  t he  r r pp le  t ank  i n  a  nanne r  s im i l a r  t o  t he
d l s t r r bu t l on  o f  t he  peas :  wave  amp l i t ude  dec reases  w i t h  t he
d rs tance  t he  wave  t r ave l s .  w i t h  a  s i ng le  s l i t ,  t hen ,  wave
amp l i t ude  d i s t r r bu tes  l 1ke  pa r t i c l es .

2e potlo,-i1i argr*re.ri aola7{c;l. Jtr-. &:f:.:l
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Now 1e t ' s  expe r imen t  w i t h  two  s l i t s  r a the r  t han  one .

Shoo t i ng  peas  t owa rd  a  doub le  s l i t ,  wp  f i nd  t he
d is t r i bu t i on  a t  t he  de tec to r  i s  t he  sum o f  t he  d i s t r i bu t i ons
o f  peas  pass ing  t h rough  each  o f  t he  two  s l i t s  sepa ra te l y .

6ro7\ -+ rF,a,ve. a."tpli|t^o\e"
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a t  t he  de tec to r .
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Wi th  waves ,  however ,  t he  d i s t r i bu t i on
d i f f e ren t :  we  see  an  l n te r fe rence  pa t te rn
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A doub le  s l i t  expe r lnen t ,  t hen ,  can  d l s t i ngu i sh  waves
f  r om pa r t j - c I es :  waves  i n te r f  e re .

one  o f  t he  g rea t  su rp r i ses  i n  modern  phys i cs  was  the
d i scove ry  t ha t  e l ec t rons ,  c l ass i ca l l y  desc r i bed  as
"pa r t i - c1es ,  "  behave  l i ke  waves  i n  a  "doub le  s I i t "  expe r imen t

DIFFRACTING ELECTRONS

A "doub le  s1 i t "  e : t pe r imen t  w i th  e lec t rons  requ i res
d i f f e ren t  appara tus  than  tha t  desc r ibed  above ,  bu t  t he  l dea
1s  t he  same .  I ns tead  o f  s l i t s  cu t  t h rough  a  so l i d  ma te r i a l ,
phys i c i s t s  use  c r ys ta l s .  On Iy  a t  t he  a tom ic  d imens ions  o f
c rys ta l  p lanes  a re  s l i t s  na r row  enough  to  d i f f r ac t  e lec t rons

The  ang le  o f  d i f  f  r ac t i on  (e  )  i s  p r -opo r t i ona l  t o  t he
ra t i o  o f  wave leuq th  to  s l i t  w id th :  e=  %n,  where  t {
rep resen ts  s l i t  w id th ,  and  . l  : . s  t he  wave leng th .  The  q rea te r
t h j . s  r a t i o ,  t he  g rea te r  t he  ang le  o f  d i f f r ac t i on .

wi&

As  we  sha l l  see ,  e lec t rons  can  be  rega rded  as  wave  packe ts ,
and they have a very shor t  wavelength.  Only  very narrow
s l i t s  w i l l  d i f f r ac t  t hem.  Expe r imen te rs  use  qua r t z  c r ys ta l s
f o r  t he  d l f f r ac t i on  g ra t i ng :  na r row  p lanes  be tween  a toms  i n
the  c r ys ta l  s t r uc tu re  f o rm  the  s l i t s .

ELECTRO} ' I  INTERFERENCE

When we
TV)  and  shoo t
i n te r f e rence

se t  up  an  e lec t ron  gun  (  a
e lec t rons  a t  t he  c rys ta l ,

pa t te rn  a t  t he  de tec to r .

ca thode  such  as  1n  a
we f ind an
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The  e lec t rons ,  desc r i bed  c l ass i ca l l y  as  pa r t i c l es ,  behave
I i ke  waves !  Pa r t l c l es ,  w€  wou ld  assume, -E6 I l f t [ -E i s t r i bu te
themse l ves  i n  a  summat i on  pa t t e rn ,  bu t  e l ec t rons  pass ing
th rough  a  c rys ta l  show an  i n te r fe rence  pa t te rn  a  wave
phenomenon !

Wha t ' s  go ing  on  he re?

THE EFFECT OF THE OBSERVER

-@>

t
I
T

5l i ls ira
g,ryr*^l b<*wec,t'a a*o'-ri c'

? ldv\o-s .

When we  run  the  expe r i .men t ,  wa tch ing  the  e lec t rons  as
they  pass  th rough  the  s l i t s ,  ou r  de tec to r  reco rds  a  snoo th
des t r i b t r t l on ,  l i ke  t he  d i . s t r i bu t l on  o f  peas .  The  e l ec t rons ,
behav io r  changes  !  Somehow,  the  ac t  o f  obse rv lng  the
elect rons af fects  the outcome of  the exFf f ihenTl

We m lgh t  exp la ln  th i s  change  1n  e lec t ron  d i s t r i bu t i on
as  f o l l ows :  when  we  obse rve  an  e l ec t ron  t r ave rs l ng  t he  s l i t ,
we  "bounce"  a  pho ton  o f f  o f  i t .  Momen tum t rans fe r red  f rom
the  pho ton  changes  the  e lec t ron ' s  momen tum and  smears  ou t  t he

we  need  some more  i n fo rma t lon .
e l ec t rons  more  c l ose l y .  h re ' 11  add  a
e lec t rons  as  t hev  t r ave rse  t he  s1 i t s .

Le t ' s  wa tch  t he
dev i ce  to  obse rve  the

/y'*,r,-bcr .z* e--:,
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i n t e r f e rence  pa t t e rn /
cu rve .

produc: .ng the b e 1 1 - s h a p e d sunmat ion
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We se t  up  the  expe r j -men t  one
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I t  appea rs  t ha t  each

o f  e l ec t ron
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How e l se  can  we  exp la ln  the  i n te r fe rence  pa t te rn
p roduced  by  "pa r t l c l es? "  Pe rhaps  l a rge  numbers  o f  e lecL rons
t rave l  i n  waves ,  j us t  as  l a rge  numbers  o f  wa te r  mo lecu les
fo rm  waves .  I f  so ,  1 f  we  shoo t  one  e l ec t ron  a t  a  t i ne
th rough  the  appara tus ,  we  shou ld  obse rve  a  pa r t i c l e
d i s t r i bu t i on  (be11  cu rve )  a t  t he  de tec to r .

e l ec t ron  a t  a  t ime :

,(@+

l . l e  f  i . nd  an  i n te r f  e rence  pa t te t -n !
e i ec t ron  l n te r f e res  w i t h  i t se l f !

QUANTUM INTERPRETATION OF ELECTRON INTERFERENCE

Quan tum mechan ics  o f fe rs  th i s  i n te rp re ta t i on
d i f f r ac t i on  and  i n te r f e rence :

An  e lec t ron  behaves  l 1ke  a  wave  i n  tha t  t he re
ce r ta i n  amp l i t ude  we  w i l l  f i nd  i t  i n  ou r  de tec to r

l + i



pa r t i cu l a r  t ime  and .  p l ace .  The  amp l i t ude  va r i es  w i t h  t ime
and  pos i t i on ,  l i ke  o the r  waves .

eler,)tov^ 45 l'7s,.ye"lirr5 wqve- pc^clce$

There  i s  a  ce r ta in  amp l i t ude
ce r ta i n  amp l i t ude  we  w i l l  f i nd  i t
ac tua l l y  de tec t  1 t ,  we  don ' t  know
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we w i l l  f i nd  i t  he re ,
t he re ,  bu t  un t i l  we
exac t l y  whe re  i t  i s .

Oqe-e i+ i9 a'<*'^'ll7 "{e-+Q'tl€'I,
t4/ h,,e" Xg- whevc- i ! i5

he-trc-

The  ln te r fe rence  pa t te rn  p roduced  by  e lec t rons  o r  any
o the r  pa r t i c l e  i n  a  d i f f r ac t i on  expe r lmen t  rep resen ts
i n te r f e rence  o f  amp l i t udes .
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PRACTICAi ,  APPLICATIONS

Many  p rac t i ca l  dev i ces  exp lo i t  t he  wave  na tu re  o f
e l ec t rons .  M i c roch ip  e l ec t ron i cs  t he  componen ts  o f
compu te rs ,  TV ' s ,  r ad ios ,  ca r  i gn i t i on  con t ro l  s ys tems ,  e t c .
-  use  " sem iconduc to r "  ma te r i a l s ,  espec ia l l y  s i l i con  and
gre rnan lum,  as  e lec t ron  wavegu ldes  to  con t ro l  t he  f l ow  o f
e l ec t r i c  cu r renc .  supe rconduc to r s ,  s im i l a r l y ,  exp lo i t  t he
de -1oca l1zed  na tu re  o f  e lec t ron  waves  to  accomoda te
res i s tance - Iess  f l ow  o f  e l ec t r i c i t y .

A  regu la r  c r ys ta l l i ne  l a t t i ce ,  as  ava i l ab le  i n  pu re
c rys ta l s  o f  s1 l 1con  o r  ge rman ium,  a l l ows  t he  f l ow  o f
e l ec t rons  as  i f  down  a  w i - r e .

More  p rec i se l y ,  when  an  ex t ra  e l ec t ron  i s  added  t o  t he
sem iconduc to r  c r ys ta l ,  t he  e l ec t ron  wave  d i s t r l bu tes  l t se l f
a l l  a l ong  t he  a tom ic  cha in .  I n  a  s teady  s ta te  ( no  o the r
e lec t rons  added ,  and  no  vo l t age  app l l ed  a l ong  t he  c r ys ta l  )  ,
t he  e l ecE ron  behaves  l i ke  a  s tand ing  wave .

e.x).q.
glqslrotn'

CX9 \^r6\re- alon5 a*ou4

6,\,aa.i ra

By  add ing  more  e lec t rons  and  app ly ing  a  vo l tage
(  a t tach ing  one  end  o f  t he  c rys ta l  t o  t he  nega t l ve  po le  o f  a
ba t t e r y  and  t he  o the r  end  t o  t he  pos i t i ve  po le  )  ,  i t ' s
poss ib l e  t o  gene ra te  t r ave l i ng  waves ,  i . e .  t he  f l ow  o f
e lec t rons  down  the  a tom lc  cha in .  I f  t he re  a re  no  de fec ts  i n
t he  c r ys ta l ,  and  - i f  

t he  a toms  o f  t he  c r ys ta l  l a t t i ce  a re  no t
v i b ra t i ng  t oo  v i o l en t l y ,  i n t e r f e r i ng  w i t h  t i r e  e l ec t ron  waves ,
t he  dev i ce  i s  a  supe rconduc to r .

Supe rconduc to r s  ca r r y  an  e l ec t r l c  cu r ren t  (  t he  f l ow  o f
e l ec t , r ons  )  w i t hou t  r es i s t ance .  Cu r ren t l y  ava i l ab le
superconduc to rs  mus t ,  a l l  be  coo led  to  l ow  tempera tu res  i n
o rde r  t o  supp ress  d l s rup t i ve  a tom ic  v i b ra t i ons :  even  "h i gh -
tempera tu re "  supe rconduc to rs  recen t l y  deve loped  mus t  be
re f r i ge ra ted  to  the  tempera tu re  o f  l i qu id  n i t rogen  abou t
170  deg rees  be low  ze ro ,  Fah renhe i t !  Even  so ,  many  p rac t l ca l
dev l ces  use  superconduc to rs ,  i nc lud ing  superconduc t i ng
magne ts  i n  pa r t l c l e  acce le ra to r s  and  magne ts  i n  nagne t i c
f i e l d  imag ing  dev i ces  used  i n  d i agnos t i c  med i c i ne .

€- O,),orr''.' <J'laira,
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Poten t l a l l y ,  supe rconduc t i ng  w j . res  cou ld  t ranspor t
e l ec t r i c i t y  t h rough  t he  na t i on ' s  e l ec t r i - c  g r i d  w i t h  m ln i na l
power  l oss .

Superconduc to rs  a l so  expe l  any  ex te rna l  magne t i c  f i e Id .
As  a  consequence ,  a  magne t  w i l l  f l oa t  above  a  superconduc to r .
T ranspor ta t i on  sys tems  may  even tua l l y  exp lo i t  t h i s  magne t i c
e f f ec t  t o  " I ev i t a te "  h i gh -speed  t r a i ns "

SOLTD STATE TECHNOLOGY

The  e lec t r l ca l  cha rac te r i s t i c s  o f  a  sem iconduc to r  can  be
con t ro l l ed  by  "dop ing "  the  c rys ta l  w i th  " imp t r r i t y "  a toms
con ta in ing  one  more  o r  one  fewer  va lence  e lec t rons  than  the
s i l i con  a toms  o f  t he  c r ys ta l  ma t r i x .  (A  va lence  e l ec t ron  i s
an  e lec t ron  1n  the  ou te r  e lec t ron  she l l  o f  an  a tom,  mos t
d i s tan t  f rom the  nuc leus .  )  A  semiconduc to r  doped  w i th  a toms
such  as  a r sen i c ,  con ta i n i ng  one  more  va lence  e l ec t ron  1s
ca l l ed  an  "N - t ype "  ( nega t i ve - t ype )  sem iconduc to r .  A
semlconduc to r  doped  w i th  a toms  such  as  a lum inum,  con ta in lng
one  f ewe r  va lence  e l ec t ron  i s  ca l l ed  "P - t ype "  ( pos i t i ve -
tvpe ) .
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The  "ex t ra "  e lec t rons  i n  t he  N- t ype  ma te r ia l  behave  as
mob i l e  nega t i ve  cha rq re  ca r r i e r s  ,  and  t he  "ho1es  I '  i n  t he  P -
t ype  ma te r i a l  t he  " vacan t "  spo t s  i n  t he  va l - ence  she l l s  - -
ac t  as  mob i l e  pos i t i ve  cha rges .

The  e lec t ron i cs  i ndus t r y  manu fac tu res  use fu l  dev i ces
such  as  d iodes  and  t rans i s to rs  by  a l t e rna t i ng  l aye rs  o f  N -
t ype  and  P - t ype  na te r i a l .  A  d i ode ,  o r  " r ec t i f j - e r , "  f o r
l ns tance ,  a l l ows  the  f l ow  o f  e lec t r i c i t y  on l y  i n  one
d i rec t i on .

When we anneal  a  P- type semiconductor  to  an N- t lpe (by
g row ing  c rys ta l  l aye rs  o f  t he  N- t ype  d i rec t l y  on  the  su r face
o f  t he  P - t ype ) ,  e l ec t rons  and  ho les  red i s t r i bu te  t hemse l ves
ac ross  the  boundary  l aye r :  e lec t rons  nove  f rom the  N- t ype  to
f i l l  ho les  1n  the  P - t1pe ,  and  ho les  move  f rom the  P - t ype  to
" swa l l ow"  e l ec t rons  i n  t he  N - t ype .  Th i s  r ed i s t r i bu t i on  o f
e l ec t rons  and  ho les  s tops  when  t he  s ta t i c  e l ec t r i c  cha rge  i n
the  N - t ype  ma te r i a l  ( now  pos i t l ve ,  hav ing r  l os t  e l ec t rons )
res t ra lns  o the r  e lec t rons  f rom c ross inq  the  boundary .
S im i la r1y ,  t he  accunu la ted  nega t i ve  cha rge  i n  the  P - t l pe
mate r ia l  p reven ts  no re  ho les  f rom c ross ing  the  boundary  i n
t he  oppos i t e  d i r ec t i on .

Now i f  we  i nse r t  t he  d i ode  i n  an  e l ec t r i c  c i r cu l t ,
i t  a l l ows  the  cu r ren t  t o  f Low in  on l y  one  d l rec t i on .
E lec t rons  f rom the  c i r cu i t  en te r  t be  N- t ype ,  pu l l ed  by  the
pos j - t i ve  cha rge ,  t hen  c ross  i n to  ho les  i n  t he  P - t ype  and  on
down the  e lec t r i c  po ten t i a l  i n  t he  c i r cu l t .

Oi..l"

a(\reclio,a .,+ N-\r"
e.lec.*ron Glow

->

-',2 +-"^
e.2<)crnc,.\ cj rcwi|

A t , rans i s to r  i s  a  th ree - laye r  dev i ce ,  a  sandw lch  w i th  a
th i n  cen te r  o f  one  t ype  (e .9 .  P - t 1pe )  be tween  t h i cke r  l aye rs
o f  t he  oppos i t e  t ype  (e .9 .  N - t ype ) .  cu r ren t  1n  t he  ma in
c i r cu i t  r uns  f r on  an  em l t t e r  w i re  t o  a  co l l ec to r  w i re .  A
th i rd  w i re ,  t he  base ,  con t ro l s  t he  cha rge  i n  the  cen t ra l
l aye r ,  wh l ch  ac t s  as  a  k i nd  o f  ga te :  " open lng "  t he  ga te
by  dec reas lng  the  nega t i ve  cha rge  i n  the  cen t ra l  P - t ype
a l f ows  e l ec t rons  t o  f l ow  t h rough  t he  dev i ce ,  f r om the  em i t t e r

P- )r'

-->
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t o  t he  co l l ec to r .
amp l i f i e r :  sma l l
I a rge  changes  i n

. ' ' f . 1

I r4lr5 \ 5?or

Fu r the rno re /  t he  t rans l s to r  ac ts  as  an
changes  i n  cu r ren t  t o  t he  base  cause

t ,he  cu r ren t  f  r om en i t t e r  t o  co l l ec to r .

N'tr<-N-+tfo

<z- 6c^se- tazire- (+. P'\f'

...,1|ro.\ regian )

au".ri*erf
Co l\er)crr

w i ve
ujYe-

P-'fL

Such  dev i ces  a1 low  us  to  do  a l l  k i nds  o f  use fu l  t h ings .
Fo r  i ns tance ,  by  con t ro l l i ng  t he  f l ow  o f  e l ec t rons ,  we  can
s to re  and  re t r i eve  l n fo rma t ion  i n  a  compu te r :  p ress ing  the
r r l r r  key  on  the  compu te r  opens  a  t rans i s to r  ga te  and  s to res  an
e lec t ron  i n  t he  work ing  memory  o f  t he  compu te r  (a  capac i to r ,
a  dev j - ce  f o r  s t o r i ng  e l ec t r i c  cha rge ) ,  f o r  r e t r l eva l  l a t e r
on .

THE UNCERTAINTY PRTNCIPLE

We 've  a l ready  h ln ted  a t  t he  nex t  g rea t  p r i nc ip le  o f
quan tum mechan ics :  i f  we  pu t  a  de tec to r  a t  t he  s l i t s  1n  ou r
doub le  s l i t  expe r imen t ,  so  we  know wh ich  s l i t  t he  e lec t ron
t rave rses ,  we  change  the  e lec t ron ' s  nnomen tum and  b lu r  ou t  t he
in te r f e rence  pa t t e rn .  Le t ' s  demons t ra te ,  mo re  f o rma l l y ,  t h i s
"unce r ta in t y  p r i nc ip le : "  one  canno t  know p rec i se l y ,  d t  t he
same  t ime ,  a  pa r t i c l e ' s  pos l t i on  and  i t s  momen tum.  (Werne r
He i senbe rg  f i r s t  e l uc i da ted  t he  unce r ta i n t y  p r i nc i p l e ,  and  i t
bea rs  h i s  nane .  )

F i r s t ,  cons ide r  once  aga in  an  ana logy  f r om the  r l pp le
tank "  waves  t r ave rs i nq  a  s i ng le  s l i t  d i f f r ac t ,  and  t he  ang le
o f  d i f f r ac t i on  i s  p ropo r t i ona l  t o  t he  wave leng th  o f  t he
lnc iden t  waves  and  i 4ve rse l y  p ropo r t i ona l  t o  t he  s l i t  w ld th :

O = A/n,
f nc rease  the  wave leng th ,  oE  na r row the  s I i t ,  and  the  ang le
] "nc reases .

1 4 9



R;pgl- *o. k

wi& sf irF, .5na.ll g nayy@^^, s li|, latge- Q
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O the r  waves  such  as  l i gh t  and  e lec t rons  - -  behave
l i ke  the  waves  i n  the  r l pp le  tank .

Imag ine  a  l i gh t  sou rce  f a r  r emoved  f r om a  s i ng le  s l i t .
The  pho tons  a r r i v i ng  a t  t he  s l i t  t r ave l  a  ho r i zon ta l  pa th ,
w i t l e  no  ve r t i ca l  componen t  t o  the i r  nomen tum.

Ca1 l  t he  w id th  o f  t he  s l i t  AV .  The  pho tons  have  an
assoc ia ted  wave lenq th ,  A .  We  wan t  t o  de te rm ine  t he  pos i t i on
and  momentum o f  t he  pho tons  a f te r  t hey  t rave rse  the  s I1 t .

d./Auttt-iot

ptaolons *'*r

5li+ wi.(+\_-"/_ ay

atis*ar,t 5ourr6g

We know the i r  ve r t l ca l  pos i t i on  a t  t he  s l i t  t o  an
accu racy  A  y ,  bu t  as  t hey  t r ave rse  t he  s l i t ,  some  a re
d i f f r ac ted  a t  ang le  9 .  We ' ve  l os t  i n f o rma t l on  abou t  t he i r
momen tum:  some  o f  t he  pho tons ,  by  d i f f r ac t i on ,  have  acqu i red
a  ve r t i ca l  componen t  o f  momen tum,  f t ,  By  t r i gono rne t r i c
ana l ys  i s  :

I
\y

I

navy@^^, 5li+) latge- Q
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a-=
fu=
vErli<r^\
Co',^^por,,c-rr$ af

ner^,,^,, e*rOlt{.at^rt

For j ;na l l  € ,

5in@ i 
%"

s ih@^f€

o = tu/F.
or fg ina, \

y.^O.-.Collurr1 : 
f-

re la t i v i s t i c  res t
O^ = Ev,/-z
f o  / r -

t r ave l l ng  a t  c ,

%
and c

Ap= Py = ftO
r,rzhe*4 6p'rn 
the wcrl.iiol

ir *\r" <Aange"
cowryaonrrt# c*

rpr O Fr(Zh:n^L.rs ince  the  ang le  o f  d i f f r ac t i on  i s  p ropo r t i ona r  t o
wave leng th  and  l nve rse l y  p ropo r t i ona l  t o  s l i t  w id th ,we derive .n" jn"l. r"), 

, A, \Ag = Pv =P-(/oy) (D

we can  show  tha t  p r )  i s  equa r  t o  p l anck ' s  cons tan t :

By  the  c lass i ca l  exp ress ion  o f  momen tum,

fu= tv\v @
Subs  t  i  t u t i ng r

For  a photon

and po -

S ince  E  =  h f ,

mass ,  m  =  E / c^Z ,

Po= L%' @

h+,//a+
CD

=) f

rherefore 
fo = 

%

and p-A 3 h

fo

@

a n d . , f i n a l l y , a ^ 4 \ Agay = h

Tha t  i s ,  t he  p roduc t  o f  unce r ta ln t y  1n  momen tum and
unce r ta i n tY  1n  pos l t i on  equa l s  p l anck ' s  cons tan t .  As  Ay ,
t he  unce r ta i n t y  i n  pos l t i on ,  d ,ec reases ,  Ae  mus t  i nc rease ,
and  v i ce  ve rsa .  r f  we  know  the  pos l t i on  o f  a  pa r t l c re
p rec i se l y ,  we  canno t  a t  t he  same t ime  know 1 ts  momen tum,  r f
we  know the  momen tum p rec i se ry ,  w€  canno t  know the  pa r t i c l e ' s
pos i t l on .

-  _ rn  f ac t ,  AeAy  =  h  1s  t he  op t imu rn  cond , i t i on  t he
abso ru te  l im i t  t o  o r i r  know ledge .  p ra l t l ca r r y ,  ou r
neasu remen ts  a re  a lways  l ess  accu ra te ,  and  Ae4y  >  h

subst l tu t ins inro eq.1 
?y:  Y"y
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The  unce r ta in t y  p r i . nc ip le  so l ved  a  l ongs tand ing  puzz le :
c rass i ca l  phys i cs  p red i c ted  e rec t rons  wou ld  f a r l  i n t o  a tom icnuc re i .  A toms  demons t rab ry  d .o  no t  co r l apse  o r  we  wou ld .n , tbe  he re  to  tes t i f y  - -  bu t  no  one  cou ld  e ip ra ln  the i rs tab i l i t y  un t i l  He isenberg  and .  h i s  unce r ta in t y  p r i nc ip re .

Acco rd ing  to  c rass l ca l  phys i cs ,  e lec t rons  mus trad i -a te  con t l nua r ry :  an  e lec t ron  i s  a lways  acce re ra t i ng  i ni t s  o rb l t  a round  the  nuc reus ,  and  acce le ra ted  e lec t r l c  cha rgesrad ia te .  The  rad ia t i on  robs 'ene rgy  f rom the  e tec t i -on ,  so  i tshou ld  l ose  ve roc i t y  and  sp i r a l  i n l o  t he  nuc leus ,  pu l r ed  bythe  pos i t i ve  cha rge  the re .

61o.95;<o.lo..t phY>;cs
e,le.*-on sho'T letp'cJi<-tr

THE UNCERTATNTY PRTNCTPLE AND THE STABILTTY OF ATOMS

na€f^o+'e awa7
in:}o nurcler..5,

,.rnconli"reA e-fe'.-*tor1 h^s
jn^r\a\ *to,*.e>rlrr.r^.t

We can regard the
pe rspec t i ve ,  as  we l l .

a t om 's  s tab i l i t y  f r om
The  e lec t ron  i s  no t  a

Vro$ lq,e' Y",e '^'sn)r^t-'

another
po in t  pa r t i c l e ,

ene-tg/ q-€t '*.^l 
I "

The  unce r ta ln t y  p r i nc ip le  exp la ins  why  th i s  co r rapsedoes  no t  occu r :  i f  an  e lec t ron ' s  o rb i t  app roaches  thenuc leus ,  t he re  i s  l ess  unce r ta i n t y  i n  i t s  pos i t l on  ( i t  i scon f i ned  t o  a  sma l l e r  r eg ion ) .  Au t  i f  t he ie  1s  f ess -unce r ta in t y  i n  pos i t i on ,  i t s  momen tum nus t  l nc rease .  Theinc reased  momentum p reven ts  i t  f r om p rung ing  i n to  thenuc leus .

cen*iv.el\ glec)rzorn
$'"



but  a wave
unce r ta i n t y
tempera tu re
wave  packe t
d i s t r i bu tes

packet  d is t r ibu ted  over  some reg ion  o f  space ( i t sin -pos i t l on ) .  Under  norma l  
"o ia iC ions-o fand  dens i t y ,  i t  l s  no t  poss lb le  to  

"on t ln "  
tha tto  a  reg ion  so  smal l  as  the  nuc leus ,  u r ra  i ti t se l f  a round the  nuc leus .

ot^ ^t Sla.no{n5
a\i rlrib^*e.l* a.Jer,.r et

eleqlvora ^t

\r(^v€-

nra<-le-r'r-s

to  ene rgy  and  t ime  as

UNCERTATNTY OF ENERGY ANq TTME

The  unce r ta in t y  p r i nc ip le  app l i . eswe l l  as  t o  momen tum-and  pos i t i on :

ALAt z h
( The

.5 ince- c$f  = 4€ o% = A?t

der l va t i on  1s  s t ra igh t fo rward :

? ("ra) z h
c-bf (oru) ? h

o.. ,<l

)
at-4t > h

The product  o f  the
the  unce r ta in t y  i n
: . s  g rea te r  t han  o r
know w i th  abso lu te
i ns tan t  i n  t ime .

To understand
o the r  pa r t i c l e )  as

unce r ta ln t y  i n  ene rgy  o f  a  pa r t i c l e  andt ime_  du r ing  wh ich  the  pa r t l c l e  i s  obse rved
equa l  t o  p l anck ' s  cons lan t .  we  can  neve rce r ta in t y  t he  ene rgy  o f  a  pa r t l c l e  a t  . ,

t h j . s  cons t ra ln t ,  j . i nag ine  an  e lec t ron  (o r
a  wave  packe t .
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FOURTER ANALYSTS

The  wave  packe t  can  be  desc r ibed  ma themat l ca l l y ,  by
Fou r i - e r  ana l ys i s .

Fou r ie r  ana lys i s ,  essen t l a l l y ,  s ta tes  tha t  any  wave  fo rm
(such  as  an  e l ec t ron ,  o r  any  o the r  pa r t i c l e )  can  be
ana lyzed  as  the  superpos l t i on  o f  s ine  waves  o f  d l f f e ren t
f requency ,  amp l i t ude ,  and  phase .

At = *ir.re- inlwva\

att^ "1."3 r,l\n-<,\ r^re- r"a,a,E€-

OU/a rra€.l SrlrrZCbae-vf*

gac,ke-*

Thi; vave- Va..)<e.* . . .

\  !  r  l 5 t\ e 5 t^h1

o+ t\ete $ve,e, 9ihe.

\ro,ve-S (pt*s oftr"t)

The energy of  the wave packet  1s propor t lonal  to  the
f requency .  r f  we  t r y  t o  measure  the  f requency  du r ing  a  ve ry
sho r t  t ime  1n te rva l ,  w€  canno t  de te rm ine  i t  accu ra te l y :  t oo
shor t  a  t ime in terva l  may not  incrude enough waves to
measure  the  f requency .
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On the other  hand,  i f  we want  to  determine the
wave  packe t  p rec i se l y ,  we  requ i re  a  p ro longed
fo r  exac t  Fou r ie r  ana lys i s  "

VTRTUAL PARTICLES

energy  o f  t he
b ime  i n te r va l

The  ene rgy / t lme  re la t i on  o f  t he  unce r ta in t y  p r i . nc ip ' l e ,
AL  A*  Z  h  ,  i nv i t es  a  su rp r i s i ng  p red i c t l on :  i n  a  sho r t
t ime in terva l ,  nature can "borrow" enougrh energy to  produce
pa r t i c l es  ca I l ed  " v i r t ua l  pa r t i c l es "  ou t  o f  " no th i ng .  "
(Mo re  p rec i se l y ,  na tu re  c rea tes  v j . r t ua l  pa r t i c l es  ou t  o f  t he
"vacuum,  "  wh lch ,  f o r  ou r  pu rposes  he re ,  w€  can  th ink  o f  as
the  subs tance  o f  space t ime .  )  The  v i r t ua l  pa r t i c l es ,  p roduced
as  pa r t i c l e /an t i -pa r t i c l e  pa i r s ,  ex j - s t  f o r  an  immeasurab ly
b r ie f  l ns tan t  o f  t i -me  and  then  ann ih i l a te .

V i r t ua l  pa r t i c l es  canno t  be  obse rved  d i rec t l y ,  bu t
sc i en t i s t s  can  de tec t  t he i r  e f f ec t s :  P rob ing  e l ec t rons  w i t h
pa r t i c l e  acce le ra to r s ,  phys i c i s t s  f i nd  t he  cha rge  becomes
more  nega t i ve  as  t hey  de l ve  c l ose r  t o  t he  e l ec t ron  i t se l f .
I t  i s  t hough t  t h i s  occu rs  because  a  c loud  o f  v i r t ua l
e lec t ron -pos i t ron  pa i r s  su r rounds  the  " rea l "  e lec t ron .
Pos i t rons  among  the  v l r t ua l  pa i r s  a re  a t t rac ted  to  the
e lec t ron ,  and  v l r t ua l  e l ec t rons  a re  repe l l ed .  I n  e f f ec t  t h j - s
" sh ie l ds "  t he  ba re : I a rge  o f  t he  e l ec t ron ,

;z\-v - y\vlr,.o.\ goii*w
>6+z-

viYlr,,rq\
e-le<*owr.-o-JF L

l.g,c..\

The  quan tun  wo r l d ,  as  we  have  seen ,  i s  p robab i l i s t : c ,
no t  de te rmrn i s t i c .  Mo re  s t r ange ,  i t  i s  r andom.  One  canno t
p red i c t  exac t l y  wha t  an  e l ec t ron ,  oF  pho ton ,  o r  any  o the r
pa r t l c l e  w i l I  do .

Nuc lea r  decay  i l l t r s t ra tes  th rs  randomness :  The  ha i f
I i f e  o f  u ran ium 238  i s  4 .5  b i l l i on  yea rs .  Tha t  i s ,  a f t e r  4 .5
b i l l i on  yea rs ,  ha l f  o f  a  l ump  o f  u ran luu r  w i l l  have  decayed  to
l j . gh te r  e l emen ts .  We  can  measu re  t h i s  ha l f - L i f e  accu ra te l y .
We cannot  know, however ,  exact ly  when any s ing le uranium
nuc leus  w111  decay :  i t  may  decay  i n  t he  n f f iTnu te ,  oF  no t
f o r  a  t r i l l 1on  yea rs .

@=-

Vi r tua l  pa r t i c l es
the  fo rces  o f  na tu re

RANDOMNESS

e-le,clrora.
a re  impor tan t  because they  t ransmi t

our  top ic  in  Ch .7 .

1 5 5



Nuc lea r  decay  i nvo l ves  changes  i n  the  numbers  o r  t ypes
pa r t i c l es  i n  an  a tom ic  nuc leus .  I n  be ta  decay ,  a  neu t ron
decays  t o  a  p ro ton ,  d r r  e l ec t ron  (be ta  pa r t l c l e ) ,  and  an  an t i -
neu t r i no .  I n  a lpha  decay ,  t he  nuc leus  en l t s  an  a lpha
par t i c l e  (a  he l i um nuc leus  - -  two  p ro tons  and  two  neu t rons ) .

CI(

lcwS

@+
(ro\=a

(E
neu&ri

+

t O \ r,.r 9

o\r-..^y

3 a.,o, @
AJer")

Popcorn  mode ls  random p rocesses  n i ce l y .  We  know tha t ,
a t  a  gJ "ven  tempera tu re ,  a l l  bu t  a  few  ke rne l s  o f  a  pa r t i cu la r
b rand  o f  popco rn  w i l l  pop  w i th in  a  ce r ta in  t ime .  Bu t  t ake
the  l i d  o f f  t he  popco rn  and  wa tch  i nd i v idua l  ke rne l s  (and
duck l  ) .  We  canno t  p red i c t  when  any  one  ke rne l  w i l l  pop .  f t
may  pop  w i th in  a  few  seconds  o r  no t  a t  a l l .

Randomness ru les at  the quantun level - .  A g iven
elect ron,  pumped to a h igher  energy level  in  a f luorescent
l i gh t ,  rdy  fa l l  t o  a  l ower  l eve l  immed ia te l y  and  re lease  a
pho ton ,  o r  i t  nay  rema in  a t  t he  h ighe r  ene rgy  i nde f i n l t e l y .
Af ter  an appl ied rad, io- f requency f ie ld  has f l ipped i ts  sp in
s ta te ,  a  p ro ton  nay  re tu rn  to  i t s  i n i t i a l  s ta te  immed ia te l y ,
o r  no t  f o r  some t ime .

What  1s t ru ly  amazing is  that  we f ind an order ly  wor td
bu i l t  ou t  o f  t h i s  f undamen ta l  chaos .  Na tu re  dea ls  w i th  such
lmm6nse numbers of  random events that  the outcome,  on the
la rge  sca le ,  i s  p red i c tab le .  A11  t he  e l ec t rons  1n  ou r
f l uo rescen t  l i gh t  cou ld /  conce ivab ly ,  cascade  a t  once  to  a
l owe r  ene rgy  l eve1  and  re l ease  a  f l ash  o f  l i gh t ,  bu t  t hey
don ' t .  A I I  t he  mo lecu les  i n  a  wa l l ,  conce i vab l y ,  cou ld  move
as ide  j us t  so ,  and  - -  vo i l a !  - -  we  wa l k  t h rough  wa l I s .  Bu t
the  p robab i l l t y  o f  such  mo lecu la r  rea r rangemen t  i s
van i sh ing l y  sma l I .

CAUSALITY AND OBJECTIVITY

Look how quantum mechanlcs has changed our  v lew of  the
Un i ve rse :

.6,+u9
d. f,a<ltcle

(*. ''"'...-)ttns)

@
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Newton  desc r i bed  a  c l ockwork  un i ve rse  ( see  Ch .  1 )  "
Acco rd ing  to  the  Newton ,  know lng  the  l n l t l a l  pos i t i on  and
momentum o f  a l l  t he  b i t s  and  p ieces  o f  t he  Un j - ve rse  wou ld
a I l ow  pe r fec t l y  accu ra te  desc r ip t i on  o f  t he  pas t  and
per fec t l y  accu ra te  p red i c t l on  o f  t he  fu tu re .  Fu r the rmore ,  i n
Newton ' s  v i ew ,  t he  Un l ve rse  ex i s t ed  o f  and  by  1 t se1 f :
P lane ts  o rb i t ed  s ta rs ,  u ran ium decayed ,  t rees  fe I l  i n  t he
forest  whether  or  not  anyone was there to  observe them.

Quantum nechanics changed that  wor ld
wor ld  i s  i nhe ren t l y  unp red ic tab le .  Even ts
we  can  ca l cu la te  p ro f f i even ts ,
p robab i l l t i es .  we  canno t  say  f  o r  ce r ta i . n
w i l l  occu r .

v lew .  The
occu r  a t

bn t  on l y
tha t  such

quantum
random.

and  such

Fu r the rmore ,  t he  obse rve r  pa r t l c i pa tes  i n  t he  Un i ve rse ,
and the very act  o f  observ ing aEGEs-TIE-utcome of  natura l
p rocesses .  I f  we  go  l ook ing  fo r  wave  phenomena ,  we  f i nd  e rave
phenomena .  I f  we  go  l ook ing  f o r  pa r t i c l es ,  w€  f i nd
pa r t i c l es .  we  a re  pa r t  o f  t he  Un l ve rse  we  obse rve ,  and  we
a f f ec t  t he  sys tems  we  s tudy .

BELL 'S  INEQUAL ITY

Th is  guan tum v iew  o f  t he  wor ld  i s  unse t t l i - ng ,  and  many
br i l l i an t  t h inke rs  i n  t he  m id - twen t ie th  cen tu ry  - -  mos t
no tab l y  E ins te ln  a rgued  tha t  quan tun  mechan ics  i s
i ncomp le te :  i f  on l y  we  had  f i ne r  t oo l s  mo re  accu ra te
p robes  and  be t te r  expe r lmen ts  they  sa id ,  w€  cou ld
e luc ida te  the  i nne r  work ings  o f  t he  e lemen ta ry  pa r t i c l es ,  and
we  wou ld  d i scove r ,  o r r  t h i s  more  fundanen ta l  l eve l ,  a
p red i c tab le ,  cause -and -e f f ec t  Un i ve rse .

John  Be l I ' s  t heo re t i ca l  wo rk  and  expe r imen ts  (mos t
no tab l y  by  A la i n  Aspec t )  t es t i ng  "Be I I ' s  i nequa l i t y "  dashed
these  hopes .  ove r  t he  pas t  t en  yea rs ,  a  number  o f
exper iments have shown that  there can be no h ldden cause-and-
ef  fect  j -n  the quantum wor ld .

Be1 l ,  wo rk lng  a t  CERN ( the  European  Cen te r  f o r  Nuc lea r
Resea rch ) ,  p roposed  t he  f o l l ow ing  expe r imen t  t o  t es t  t he
p red l c t i ons  o f  quan tum mechan i cs :

Suppose  we  p roduce  a  pa i r  o f  pa r t i c l es  the  members  o f
wh i ch  a re  exac t l y  oppos l t e  i n  some  cha rac te r i s t i c .  Fo r
exa rnp le ,  1 t ' s  poss j -b le  to  p roduce  p ro ton r /an t i -p ro ton  pa i r s
w i th  oppos i te  sp ln  mov ing  f rom the  expe r lmen ta l  appara tus  i n
oppos i te  d i rec t i ons .  we  se t  up  de tec to rs  to  de te rm ine  the
sp in  o f  each  pa r t i c l e .  I f  ou r  l og l c  and  ou r  c l ass l ca l  v i ew  o f
the  Un ive rse  a re  accu ra te ,  measur ing  the  sp in  o f  one  pa r t i c l e
te l l s  us  t he  sp in  o f  t he  o the r .
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For  examp le ,  i f  de tec to r  A  measu res  a  pa r t l c l e  sp in  up ,  we
know pa r t i c re  B  (A ' s  an t i - - pa r t l c re )  mus t  be  sp in  down  1 f
c l ass i ca r  r eason ing  and  c rass i ca l  mechan i cs  ho rd .  t r ue

Th is  l i ne  o f  reason lng  makes  th ree  assumpt ions :

1 .  Pa r t i c l es  have  an  ob jec t i ve  rea l i t y ,  ex i s t . i ng r
ou ts ide  the  mach i .na t i ons  o f  t he  obse rve r .

2 .  I nduc t i ve  reason ing  i s  va l1d .  Tha t  i s ,  we  can  make
accu ra te  p red l c t i ons  based  on  pas t  measuremen ts .

3 .  Pa r t i c res  canno t  commun ica te  f as te r  t han  t he  speed
o f  l r gh t .  ( I f  t hey  d i d ,  one 'pa r t i c l e  upon  a r r l va l  a t  a
de tec to r  m igh t  i ns tan taneous ly  change  the  sp in  o f  t he  o the r
and  upse t  ou r  neasu remen ts .  )

THE MATHEMATICS OF BELLIS INEQUALITY

Be l I ' s  a rqumen t  goes  l i ke  t h i s :

we  measure  the  sp in  ax i s  o f  t he  pa r t l c l es
pa r t i c l es  1n  3 - space  t ha t  i s ,  1n  re l a t i on  t o
spa t i a l  coo rd ina tes ,  x ,  y ,  and  z .

and ant i -
the three

+v

^* Yr-i 
-
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Jus t  as  an  obse rve r  i n  t he  doub le  s l i t  expe r j .men t  a l t e rs
the  s ta te  o f  an  e l ec t ron  i f  he  obse rves  i t  t r ave rs l ng  t he
s I i t ,  so  the  de tec to rs  i n  t h i s  expe r imen t  a l t e r  t he  sp ln
s ta te  o f  t he  pa r t l c l es  and  an t l - pa r t i c l es  pass lng  t h rough .
However ,  s i nce  the  sp ins  o f  t he  pa r t i c l e /an t i -pa r t l c l e  pa i r
a re  exac t l y  oppos i te ,  w€  can  ge t  added  in fo rma t ion  aboUt  one
par t i c l e  by  measur ing  the  sp in  o f  t he  o the r  "

When  we  measure  the  sp in  ax i s  o f  l a rge  nunbers  o f
pa r t i c l es ,  1 f  ou r  c l ass l ca l  assump t l ons  ho ld  t r ue ,  w€  expec t
to  f i nd  tha t

,V ('*Y -)

Tha t  i s ,  t he  number  o f  pa r t i c l es  w i t h  sp in  ax i s  po in ted  1n
the  pos i t i ve  d i rec t i on  a long  the  x  ax i s  and  the  nega t i ve
d i r ec t i on  a l ong  y  l nc l udes  pa r t . i c l es  ( x+  , y - , 2+ )  o r i en ted
a long r  pos l t l ve  z  and  ( x+ , y - , 2 - )  o r i en ted  a l ong  nega t l ve  z "

Ex tend ing  th i s  a rgumen t ,

N(x+r-) z N (x+ y- e-)

The  number  o f  pa r t i c l es  o r l en ted  w i th  axes  a long  the
pos i t i . ve  x  ax i s  and  the  nega t i ve  z  ax i s  i s  g rea te r  t han  o r
equa l  t o  t he  nunbe r  o f  pas r t i c l es  o r i en ted  ( x+ , y - , 2 - ) ,
because  t he  se t  ( x+ ,2 - )  a l so  l nc l udes  ( x+ , y+ ,2 - ) .

S  im l l a r l y ,

Adding

n (^*=-)
equa t ions  2  and  3 ,

+ l l  Ar - ;+ \- r " [ /  <  
/

r i gh t
s i .des

The  r i gh t  hand  s lde
s ide  o f  equa t i on  1 .
o f  t hose  equa t i ons ,

.  t  .  - \
N ( x+y-) !v I I

o f  equa t i on  4  i s  t he  same as  the
There fo re ,  compar ing  the  l e f t  hand

we f ind

N(r*.?-) + N (V-*)
Th i s  1s  Be l ] ' s  i nequa l i t y .

S ince  we  can  measure  on l y  one  sp in  componen t  o f  each
pa r t i c l e  i n  an  ac tua l  expe r lmen t ,  expe r lmen ts  t es t  ano the r ,
equ l va len t  s t a temen t  o f  Be I l ' s  i nequa l i t y :

p (xi1-) + N(yi i*)
Tha t  i s ,  i f  a  pa r t i c l e  a r r i ves  a t  d .e tec to r  B  w i th  y  sp in

+ ,  i t s  pa r tne r  nus t  have  a r r l ved  a t  de tec to r  A  w i th  y  sp in

A11  the  above  a rgumen ts  re l y  on  the  c lass i ca l
assumpt ions  o f  a  p red i c tab le ,  we l l -bahaved  Un ive rse .  Bu t  as
we  have  seen ,  t he  quan tum wor ld  i s  i nhe ran t l y  unp red ic tab le .

t t /x+v+\rv l ,A  /6  J  -

tt(x*y-*-) + N (r*/-**)
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Quan tum theo ry  p red l c t s  random even ts  w i l r  sc rambre  the  sp lns
o f  t he  pa r t i c l e /an t i pa r t i c l e  pa i r s  i n  ou r  expe r imen t ,  and

N(F/o*) z- N(ri{) + N(yJ +i)
Here  we  have  the  oppor tun i t y  f o r  a  head- to -head

exper imen ta r  t es t ,  quan tum mechan ics  vs  c rass l ca l  t heo ry .

Seve ra l  expe r inen ta l  g roups  have  measured  the  behav io r
o f  va r i ous  pa r t i c l e  sys tems ,  and  the  resu l t s  i nd i ca te

N (r^* /.* )
Quan tum rnechan ics  w ins .  Quan tun  rnechan ics  desc r ibes

even ts  i n  t he  suba tomic  rea lm more  accu ra te l y  t han  c lass i ca l
t heo ry .  The re ' s  some th ing  w rong  w i t h  ou r  c l ass i ca l
assumpt ions :  t he re  a re  no  h idden  gea rs  and  l eve rs  to  make
pa r t i c l es  behave  n i ce l y .  The  quan tum rea lm  i s ,  i ndeed ,
unp red i c tab le .

SUMMARY

Quantum nechanlcs turns upside down some of  our
c lass i ca l  no t i . ons  abou t  how Na tu re  behaves .  on  the  quan tum
1eve l :

Na tu re  comes  1n  d i sc re te  packages .  Mass ,  ene rg l y ,
cha rge ,  sp in  - -  a I l  t he  measurab re  a t t r j . bu tes  o f  ou r  un i ve rse
a re  quan t i zed .

Par t i c l es  behave  l i ke  waves ,  and  the l r  a t t r i bu tes  can  be
desc r lbed  i n  te rms  o f  wave  pa ramete rs  ( f requency ,  wave reng th ,
amp l l t ude . )  Ene rgy  i s  p ropo r t i ona l  t o  f r equency  (e  =  h f ) ,
and  momen tum i s  i nve rse l y  p ropo r t l ona l  t o  wave leng th
(p  =  h /  ) .

The  obse rve r  changes  the  sys tem she  obse rves .

There  a re  l im i t s  t o  ou r  know ledge :  we  canno t  know,  to
a rb i t r a r y  p rec i s i on ,  a  pa r t l c l e ' s  pos i t i on  and  momen tum o r
i t s  ene rqy  and  the  span  o f  t j .me  i t  had  tha t  ene rgy .

Events in  the quantum realm are random and
inde te rm lna te .  we  can  on ry  p red l c t  t he  p robab i r i t i e s  o f
events on the quantum scale. The rnacroE6lFff i l- is
predic table because there are such enormous numbers o i lquanta
pa r t i c i pa t i ng  tha t  we  see  a  k lnd  o f  ave rage  behav io r .

W i th  th i s  l n t roduc t l on  to  the  quan tum rea lm,  w€  p roceed
to  a  d l scuss lon  o f  pa r t i c l e  phys l cs  the  sea rch  fo r  t he
u r t lma te  cons t i t uen ts  o f  ma t te r  and  the  fo rces  tha t  gove rn
the i r  l n t e rac t i on .

1 6 0



CHAPTER 5 QUESTIONS
QUANTUM MECHANICS

1.  c i te  ev idence that  mass comes in  d iscrete quanta.

2 '  Use the Bohr  nodel  o f  the atom to descr ibe the mechanism
by which spectra l  l ines are produced. .

3.  The wavelength of  the hydrogen "a lpha t rans i t io . , . '  one
o f  t he  co tnmon  l i nes  seen  i n  s te l l a r  

"p r t t r . ,  
i s  6 .65  X  1O^_b

cm. How much energy is  re leased in  t t is  t rans i t ion?

4. If  a star is movin€l away from us, what happens to the
l i nes  i n  i t s  em iss ion  spee t rum?

5 .  C i te  ev idence  tha t  e lee t rons  a re  waves .

6.  How is  the energy of  a  v /ave re la ted to  i ts  ampl i tude?
To waveLength?

7 -  Give an example i l lust rat ing how the observer  af fects  the
system he, /she observes.

8.  E lect ron mieroscopes prov ide amazing deta i l  o f  ob jects
approaching the s ize of  a toms.  Most  samples observed in  such
microscopes are coated with a heavy netal to preser.,r" th.r.
whv? hlhat does this say about the act of obslrving?

9.  what  is  the photoelect r ic  e f feet ,  and what  does i t  te l r
us about  l ight?

10.  F ind the va lue of  pLanek 's  constant  based on the
fo l lowin€!  data,  whicb were obta ined in  a hypothet iea l
exper iuent  involv ing the photoeleet r ic  e f fect .

k inet ic  energv
of e.iected electron

1 x /o'" .r3

/< .x /o-'t zr3

/r X /o-rt ej

11.  A photon of  wavelength 30OO angstroms (3 X 1O^-S cn)
co] l ides wi th  an e lect ron and recoi ls  ( reverses d i reet ion) .
After the interaction, the photon has a wavelength of 6000
angstroms.  Assuming the e lect ron is  in i t ia l ly  i t  rest ,  what
is  the veroei ty  of  tbe e lect ron af ter  the in teraet ion? (The

frequencv q.f
ine ident  l ipht

/ x t ota/se<

z x lo "y'r.
S x to t/xc
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e lec t ron  has  a  mass  o f  g  x  1o^ -z8  gm.  use  the  va rue  o f  h  you
obta ined above and the re la t ion p = h/A . )

L2 .  use  the  s ing le  s l i t  expe r imen t  t o  de r i ve  the  unce r ta in t y
p r inc ip le  qua l  i t a t i ve l y .

13 .  use  the  unce r ta in t y  p r i nc ip le  to  ea rcu la te  the  ve loc i t y
of an electron in the lowest energy level of a hydrogen atom.
The diameter of the atom is about 1O^-g crl,  and you ean
eonsider  th is  the uncer ta in ty  in  pos i t ion.  Use the e lect ron
mass €fiven in number 10 above.

L4 .  use  the  unce r ta in t y  p r i nc ip le  to  ca l cu la te  the  ve loc i t y
of an electron shared by two protons in molecular hydrogen.
Assume the e lect ron has an equar  probabi r i ty  to  be in  the
v ic in i ty  o f  e i ther  proton,  i ,  e .  i t  could be anywhere in  a
to ta l  d iamete r  o f  2  X  1O^-B  em.

47- t \arc,r\ q-l c-clwo!^

o vl i t

fJe, lo-t.-:v^'+

calcu late the k inet ic  energy of  an e leet ron in  molecular
hydrogen,  and compare i t  to  the k inet ic  energy of  an e lect ron
in  a tom ie  hyd ro€ len .  (KE  =  t / 2 (nv^2 ) . )  I f  ' , na tu re  seeks  the
Iowest  ener€ ly  s tate,  "  why is  most  hydrogen found in  the
molecular  form,  at  low temperatures?

15 .  Der i ve  the  t ime /ene rgy  uneer ta in t y  re la t i on
qual i ta t ive ly ,  us ing the exampre of  the two tun ing forks.

16.  what  are v i r tua l  par t ic res? where do they eome f rom?
How does the uneer ta in ty  pr inc ip le  predic t  the i r  ex is tence?

L7.  F lhat  is  Lhe ro le  of  v i r tuar  par t ic les wi th  regard to  the
forces of  nature?

18.  whieh has the shor test  de Brogl ie  wavelength,  a  proton
or an electron? Why?

19.  Descr ibe how a laser  works.  why is  the laser  l ight  o f
a s ing le f requency? Why is  the beam col l imated?

20.  Descr ibe the mechanisn of  supereonduct iv i ty .  what  are
the praet iea l  uses of  superconduetors?

21.  Deser ibe the operat ion of  a  d iode.  what  are the
p rac t i ca l  app l i ca t i ons  o f  d iodes?
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22 .  we  have  desc r ibed  "pa r t i e les "  as  two  d i f f e ren t  k inds  o f
waves - -  probabi l i ty  waves and wave packets.  Dis t inguish
between these two models"

23"  Einste in (and others)  argued that  i f  we had bet ter
understandinEf  of  par t ie le  phys ics and bet t ,er  too ls  to  measure
the par t ic les we would f ind under ly ing cause-and-ef feet
re la t ions in  the quantum wor ld .  How would you respond to
this argument?

24.  What  determines when a uranium nueleus wi l l  deeay?

25.  Why do heavy nucle i  emi t  a lpha par t ic les? (What  force
"d r i ves  ou t "  t he  a lpha  pa r t i c l es? )

26 .  Why  i s  i t  poss ib l e  t o  p red ie t  t he  ha t f - l i f e  o f  a  l ump  o f
uranium, but  not  when any ind iv idual  nueleus wi l l  deeay?

27.  Compufers re ly  on e lect ron f low and storag:e for  the i r
funct ion.  What  happens to  the log ie of  a  computer  as i ts
componen ts  aFproach  the  s i ze  o f  an  e lec t ron?  (H in t :
remember the uncer ta in ty  pr ine ip le .  )
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DEMONSTRATIONS
CHAPTER 5

1 .  The  Ge ige r  coun te r :

The geiger counter detects energetic subatomic
par t ic les,  the most  eommon of  which,  in  everyday eounter  use,
are gamma rqys and h igh-energy beta par t ie les (e lect rons) .
I t  is  a  s imple analog to  some of  t t re  sophis t ieated detectors
used in  modern par t ic le  accelerators.

The detector  compr ises a neta l  tube f i l led wi th  gas.
A battery gives the tube (the eathode) a net negative charEle,
and a metal rod (the anode) in the axis of the tube is Eliven
a net  pos i t ive charEfe.  Whenever  a h igh energy par t ic le
enters the tube,  i t  ion izes gas a long i ts  t rack,  so a spark
jumps between the anode and' the cathode.  The counter  records
the spark,  and we hear  the spark,  ampl i f ied by the deteetor ,
as  a  c l i c k .

61.l5er /el'e<,|ov

rtnc/.e
ion i :eA 969

Fr^f:i

6a{Aetc-
(cosi'.5)

Lis ten to  the random el ieks of  a  geiger  eounter  as i t
records the "backgrround" radiation, includingl eosmic rays
(h igh energy par t ic les generated in  outer  sPace) ,  the
secondary par t ic les they produce by co l l is ions wi th  atoms in
the atmosphere, and radioactive sourees in the geophysieal
env i ronment  - -  uranium in  the ground and in  bui ld ing
mater i .a ls ,  radon gas,  e te.

Then p lace the counter  near  a rad ioaet ive source '
Knowing the weight  o f  the source,  the atomic weight  o f  the
elements in the source, and the deeay rate reeorded by the
g,e ig,er  counter ,  can you determine the hal f  l i fe  of  the
source?

164



2" Quantum nature of  l ight :

That  l ight  comes in  "packages"  is  ev ident  in  under-
developed f i ln .  Take a ser ies of  photographs of  the same
subject"  Del iberate ly  under-expose the f i rs t  few photographs
( i . e .  don ' t  l e t  enough  l i gh t  reach  the  f i lm  Lo  fu l l y  e ) (pose
i t )  "  Gradual ly  increase the exposure t ine in  successive
photographs unt i l  the f ina l  p ic ture is  fu l ly  exposed"

In the under-exposed photographs,  you wi l l  see "gra ins"
(dots)  on the f i lm where photons (quanta of  l ight )  have
exposed l ight -sensi t ive moleeules on the f i ln .  In  more
adequate exposures,  the gra ins b lend to€ether  in to a smooth,
fu l ly  developed image.

thotS'ay\: al d,i*{ere,n} eJ.f es".yes

6^valy
erloseA

9i{{to..hb.n

3 .  D i f f rac t i on  g ra t i ng  spec t ra :

F ind  a  d i f f r ac t i on  g ra t i ng .  (Sc ience  l abo ra to r i es ,
i ne lud ing  schoo l  I abs ,  usua l l y  have  g ra t i ngs  ava i l ab le .  )
Look at  d i f ferent  f luorescent  l ights  (e.g.  hydrogen,  he l ium,
mercury vapor, sodium vapor, ar€fon, neon) through the
g ra t i ng .  How do  the  emiss ion  l i nes  o f  t he  d i f f e ren t  sou rces
compare?

?arlia)ly
ex fose^

fr,.)ly
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4 .  Pa r t i e les  and  waves :

Set  up a double s l i t  exper iment  on
sur face rv i th  marb les and b locks of  wood.
of  marb les arr iv inEl  a t  d i f ferent  po ints
a t  some d i s tance  f rom the  s1 i t s .

a smooth,  f la | .
Record the numbers

on a detector  p laced

a
a
a

rr(o+
rn6./ble5 ooo

o

"Odt&o- "

4/e,g, sa'..A

*r^f

o
@o

waos\

lal"<k>

Now set  up the double s l i t  exper iment  in  a r ipp le tank.
See d iagram on p )  How does the ryave d is t r ibut ion at
the detector  compare wi th  the d is t r ibut ion of  marb les?

5 .  Ang le  o f  d i f f r ac t i on  depends  on  s l i t  w id th  and
wavelength:

Se t  up  a  s ing le  s l i t  i n  a  r i pp le  tank .  Va ry  the  s l i t
w idth and the wavelength (by vary ing the f requeney) .  l ' lhat  is
the  re la t i onsh ip  o f  t he  ang le  o f  d i f f r ac t i on  to  the  s l i t
w idth? To the wavelength?

-Two 
npp)e- tc.nF>

,^r\ilr, sq-, e. 9U+ ,^,',t'(th

)]ll)ll))
/o., *re1.en7
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6"  Tunne l i ng :

one eonsequence of the wave nature of matter is aphenomenon cal led " tunnel ing.  "  Because a d.e Brogl ie  wave(mat ter  wave)  is  de local  lzed,  i t  has a eer ta in  . rp l i tude to
tunnel  through c lass ica l  barr iers :  par t  o f  the wave " leaks, ,
through the barr ier .

valnar^rc- (o.g, ^* <,to..") aclr,ra,.lly erle.rc{s er,r,t>i'te-
l\ne- vo\rrv-r €.

21/ 
" le-'&t o'^-l "

e.le<-)..,.ora wav€. fc..cte-t ?.z^Si yreolr" in fo*re

A s iphon of fers  one analogy of  tunnel ing:  A s iphon can
ra i se  f l u id  ove r  an  o the rw ise  " impene t rab le " -ba r r i e r l
a l lowin€ i t  to  f low to a lower  energy s tate on the other
s  i de .

A more accurate demonstration of tunneling eomes from
the phenomenon of  to ta l  in ternal  re f leet ion.  5h i r r "  

"  
raser

beam into a b lock of  61ass.  Vary the angle at  which the beam
str ikes the inner  sur faee of  the d lass unt i r  i t  is  just
refrected from the inner surface ind no l igrrt pr"="J throuElh
the  g1ass .
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Now, wi th  the beam st i l l  s t r ik ing l  the inner  sur face atthe er i t iea l  
??g1" ,  iuxtapose another  b lock of  g lass.  par t

of  the beam r . r i l }  pass in t l  the second b lock.  This  oceursbecause the l igfrt waves actually extend beyond the glass ofthe f i rs t  b lock and are avai lab ie C"- t r " . r " r  through thesecond b lock as soon as i t  is  i "x t "p"=eJ.

lich* c^n "leo.k

{/o 1" in\> secoqcl

Slcxss hloali

Here 's  a.n in terest ing game,  based on the Ba-e 
,ZO

questions, " dem-onstrating how an observer ean affect thesystem she,/he observes.

From a group of  people,  
:9nd one person ( the , ,observer , , )

ou t  o f  t he  room.  Choose  an  ob jec t  o "  i i v i ng  th ing  ( . , an ima l ,minera l r  or  vegetable ' . )  and inv i te  t f r r -oU="rver  back in to theroom. Asking eaeh person in the Elroup, one after another, a"yes"  or  "no"  quest ion,  the obser ier  [ "= twenty quest ions todecide what  ob ject  the group has 
" to="r r l

Now send another observer fron the room. This t ime,eaeh person in the Erroup chooses his own object or r ivi.ngthing and does not ielr the other r"r6Ei" of the group. Theobserver returns to thE room a'd asks questions as before.Each person answers accordin€ to bi5 A1gg ghoiee gf ob.ieet.The members of the group chanEe theirEoice of object as the

7.  The ef fect ,  o f  the observer  on real i ty :
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quest ion ing proElresses in  order  to  acccmodaie answers by
other  members of  the group.  What  happens? fo the d i reet ion
of  the quest ion ing? To the objects  chosen =y Ehe group?

8 .  Uneer ta in t y  p r i nc ip le :

Take photo€l raphs of  a  rap id ly  moving pro ject i le  ( for
i ns tance  a  baseba l l ) .  F i r s t  pho tog raph  a  un i fo rm square
gr id ,  b lack l ines on a whi te  backElround.  Then take a double
exposu re  ( super imposed  on  the  g r i d  i n  t he  f i r s t  pho to )  wh i l e
t rack ing the bal l  w i th  the camera.  For  the second set  o f
p ic tures,  photo€l raph the gr id  as before,  then double expose
the f l ight  o f  the bal l  w i th  the camera f ixed on a t r ipod.
Wi th the camera f ixed,  the pro jeet i le  appears as a b lur
against  the gr id .  Wi th the camera t rack ing the pro ject i l .e ,
we obta in a sharp image of  the pro ject i le .  How does th is
system model  the uneer ta in ty  pr inc ip le? Why is  th is
macroscopie system not  exact ly  analoefous to  the quantum
wor ld?

f,f.*'"."- *^ken w\+\
(4rrrarza. Si x e"\ a$^cl ball

Pi.*,r.te- *aF.n il,il^ €cAr^^era.

le+-l- +o
trc^cKi 13 bc.,ll

,-,o."!ig t'^fic(ly
rrght

9.  T ime/energy uncer ta in ty :

Set up the paired tunind fork system diseussed on p.
Imaeline that you have no other measuring devices exeept the
two tuning forks, and you want to use the forks to determine
frequency and Lo measure the f low of  t ime.  The f ixed-
frequency fcrrk is the reference fork for your measurements,
and the other  fork  is  var iabLe.
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<--U sliaAi"ng wc.ightr
q rnb-be" b"aS

{ovK

I n  sueh  a  sys tem,  you  w i l l  hea r  "bea ts "  (osc i l l a t i ons  i n
loudness)  when the forks are s l ighbly  out  o f  tune.  When the
two forks are r i .nging at precisely the same frequency, there
wi l l  be no beats.  You know, then,  that  the var iab le fork  is
exactry  in  tune wi th  the reference fork  when there are no
bea ts .

On the other  hand,  in  order  to  bui ld  a e lock f rom the
two forks,  you must  have beats:  the beats are the " t icks"  of
the c lock.  Fur thermore,  the more beats,  the more accurate
the c lock:  you can measure t ine more aecurate ly  i f  you
d iv ide  i t  i n to  sma l l e r  i n te rva l s .

Wi th only  the two tun ing forks,  then,  you can e i ther
measure f requency accurate ly  (no beats)  or  you can measure
t ime accurate ly  ( r rany beats) ,  but  you cannot  measure both
together .  S ince f requency is  propor t ional  to  energy in
quantum mechanies,  the tun in€l  fork  system pr iv ides an analogy
to the energy/ t ime uncer ta in ty  re la t ion.

\
10.  Coupled pendulums as a model  o f  a tomic ener€ ly  s tates:

Han€l two pendulum bobs on str ings of equal length, and
connect  them wi th a weak spr ing.  (Soup cans as bobs
connected bv a s l inky serve wel l .  )  Pu11 both cans s l ight ly
to  the r ight ,  the same d is tance f rom thei r  equi l ibr iura point ,
and 1et  them go.  what  happens? Determine the i r  f requency
(osc i l l a t i ons  pe r  m inu te ) .

Now pul l  one ean to the le f t  and the other  to  the r ight ,
the same d is tance,  and le t  then go.  count  the i r  f requeney.
How does it  eompare with the frequency you found above?

eaiti bri'^t 'ts 
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Novr leave one can at  equi l ibr iun but  pu l l  the other
s l i gh t l y  away  f rom the  equ i l i b r i um pos i t i on ,  and  l e t  i t  go .
What happens?

These coupled pendulums behave s imi lar ly  to  coupled
atoms,  for  instance in  a laser .  The d i f ferent  f requeneies
represent  d i f ferent  energ,y  s tates avai lab le to  the atomic
system

If you have more pendulums and sprinEls available, Lry
bui ld ing extended systems,  wi th  three,  four ,  or  more
pendulums.

11 .  Randomness :

Pop severa l  batches of  popeorn,  one af ter  another ,  in  a
pyrex ( t ransparent ,  heat- to lerant)  conta iner .  Use constant
heat ,  and use the same number of  kernels  in  each batch.
Record the t ime i t  takes for  ha l f  o f  eaeh batch to  pop.  What
is  the averaEle "ha1f  l i fe"  for  a  bateh of  popcorn?

Pick an ind iv idual  kernel  in  each bateh,  and predic t
when i t  w i l l  pop.  How do your  predic t ions compare wi th  the
aetual  t ime at  which the kernel  pops?
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