
CHAPTER 6

PAFTICLES

One of the great enterprises of twentieth century
physics is  the search for  the u l t imate const i tuents of  nat ter
and the forees through which they interact. In this chapter
we d iscuss fermions,  the bui ld ing l  b l 'ocks of  mat ter .  We shal l
desc r ibe  the  g l i an t  mach ines ,  pa r t i e le  acce le ra to rs ,  used  to
study these smallest bits of the Universe and t i4 4cSinc +lrc
character is t ics  that  d is t inguish one fern ion f iom another .
Then  we  sha I l  desc r ibe  each  o f  t he  fe rm ions  i nd i . v i dua l l y .
F ina l l y ,  we  sha I1  eons ide r  " resonances"  o f  t he  fe rm ions  and
evidence that  the known fermions n ight  have in ternaL
componenfs.

FERMIONS AND BOSONS

Natu re  emp loys  two  genera l  c l asses  o f  pa r t i e les ,
fe rm ions  and  bosons .  Fe ru ions  a re  the  s t ruc tu ra l  un i t s  o f
ma t te r  - -  t he  b r i cks  i n  t he  B rand  ed i f i ce  o f  t he  Un ive rse
and bosons t ransmi t  the forces through whieh they in teraet .
We  w i i l  d i s cuss  t he  bosons  i n  de ta i l  i n  Chap te r  7 .

Fe rm ions  d i f f e r  f rom bosons  i . n  sp in :  f e rm ions  ca r ry
sp in  quan ta  i - n  odd  mu l t i p l es  o f  7 /2  ( 7 /2 ,  3 /2 ,  5 /2 ,  e t c .  )
wh i l e  bosons  ea r r y  i n t ege r  sp in  ( 0 ,  I ,  2 ,  e t c .  ) .  Fe rm ions
a lso  d i f f e r  f rom bosons  i n  tha t  t hey  tend  to  avo id  o the r
fe rm ions ,  wh i l e  bosons  agg rega te  happ i l y  i n  l a rge  numbers :
fe rm ions  obey  the  Pau l i  exe lus ion  p r j . nc iF le  (no  two  fe rm i .ons
can occupy the same energy s tate)  whi le  bosons obey Bose-
E ins te in  s ta t j . s t i cs  (  i nde f i n i t e  numbers  o f  bosons  can  occupy
the sarne enerEfy s tate) .
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A plethora of  par t ic les pop out  o f  aceelerator
experiments and eosmic ray showers, but al l  ordinary matter
in  the Universe is  bu i l t  f ron three fermions e lect rons,  up
quarks and dovrn quarks. I f  we dissect matter, probinEl from
large to  smal l ,  v re f ind that  the obiects  around us - -  t rees,
b lackboards ,  c louds ,  peop le  a re  bu i l t  o f  mo lecu les .
Molecu1es are constructed of  a toms,  and atoms compr ise
eleet rons and nucle i .  Nucle i ,  in  turn,  ine lude protons and
neu t rons ,  wh ich  a re  made  o f  qua rks .
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B e s i d e s  e l e c t r o n s  a n d  q u a r k s ,  t h e  U n i v e r s e  i s  a w a s h  i n
neu t r i nos ,  t he  mos t  abundan t  bu t  mos t  bash fu l  o f  bhe
fe rm ions .  The re  a re  p r imord ia l  neu t r i nos ,  l e f t  ove r

the  Un ive rse ,  and  neu t r i nos  a l so  appear
pa r t i c l e  decay .
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PARTICLE ACCELERATOR€

Our knowledge of - the par t ie les comes pr imar i ly  f ronexper iments in  par t ic le  aecelerators,  whieh tun" i i ln- -essen t i a l l v  as  h i€ rh - reso lu t i on  m ic roseopes  
" r i ; ; i i l  

us  to"see"  ins ide atoms.  To und.erstand how lecelerators work,  weean compare them to the fan i l iar  l ight  n icroseope.

[ ' le  see objects  under  a l ight  microscope by ref lect ingl ight off them or refracting t igrrt- irr. ."ci-,  them.
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The  reso lu t i on
sma l l es t  ob jec t  t he
p ropor t i ona l  t o  t he
wave leng ths ,  w€  can

l"Y

o f  a  m ic roscope  - -  t he  measure  o f  t he
mic roscope  can  d i sce rn  i s  i nve rse l y
wave leng t ,h  o f  t he  l i gh t  used .  A t  sho r te r
see  sma l l e r  ob jec t s .
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Aceelerators enploy par t ic les as probes instead of
1 ight .  They pump eharged par t ieres to  h igh energ ies,  then
foeus them on a targel. High energy eorr-sponds to 

"ho"twavelength (bv E = hf ) ,  so the par t ic le  benm ean probe
d imens ions  sma l l e r  t han  an  a ton i . c  nuc leus .  The  nos t
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energet ie  aecelerators
neutrons. ean even probe inside the protons and
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Co l l i s i ons  a t  h i gh  ene rg ies  a l so_g rqe te  pa r t i c l es  byeonve r t i ng  beam.  ene rgy  i n to  mass .  Co l l i d i ng  beamacce le ra to rs ,  wh ieh  ; ; . ; i ; ; " t 3  
f . eams-o i -n . r r i e les  i n  oppos i re
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Of eourse ,  we do  no t  = .e?  fe rmions  d i rec t l y  ins ide  theacee lera tors '  rns tead,  
-soph i= t i . . f . J "o r t " . to r "  

measure
:f,f,:: i i:.f l"f"".eristi;"-i; threeJ"".i"r rypes or
breakup 

scat ter ing '  spect ros"on" ,  and par t ic le
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bhrough the fo i l  undef leeted,
(  " sca t te red "  )  a lmos t  d i rec t l y
o f f  an  immovab le  "b r i ck  wa l1 .  "

but  a  few recoi led
baekward, 8s i f  they bouneed

v
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The exper imenters  conc luded the  go ld  a tom is  most ly
e m p t y  s p a c e ,  b u t  w i t h  a  m a s s i v e  n u c l e u s  a b o u t  1 0 ^ - 1 2  c m  i n
d i -amefer ,  one ten- thousandth  the  d iameter  o f  the  a tom.  Those
a l p h a s  t h a t  g r a z e  t h e  n u c l e u s  a r e  d e f l e c t e d  a t  s h a l l o w
a n g l e s .  T h o s e  t h a t  s t r i k e  t h e  n u c l e u s  h e a d  o n  b o u n c e
b a e k w a r d .

S i m i l a r  s c a t t e r i . n g  e x p e r i m e n t s ,  p e r f o r m e d  d u r i n g  t h e
p a s t  t h i - r t y  y e a r s ,  h a v e  p r o b e d  e v e n  s m a l l e r  d l m e n s i o n s ,
i n s i d e  p r o t o n s  a n d  n e u t r o n s .

S p l e c t r o s c o p y  e x p e r i m e n t s  b o m b a r d  t a r g e t s  w i t h  p a r t i c l e
beams over  a  range o f  energ i -es  and measure  how much o f  the
beam energy  i . s  absorbed by  the  Lar€ ,eL .  The process
d u p l i c a t e s  a b s o r p t i o n  s p e c t r o s c o p y ,  d e s c r i b e d  i n  C h .  5 ,  b y
w h i c h  a s t r o n o m e r s  c a n  s t u d y  t h e  c h e m i c a l  c o m p o s i t i o n  o f  g a s
c l o u d s :  e a c h  a t o m i c  e l e m e n t . s p e c i f i c  f r e q u e n e i e s  o f  l i g L r t .
S o  w i t h  n u c l e i ,  a n d  s o  w i t h  i n d i v i d u a l  p a r t i e l e s :  e a c h
n u c l e u s  a n d  e a c h  f e r m i . o n  h a s  i t s  e h a r a c t e r i s t i c  s p e c t r u m .
T h e  t r a n s i . t i o n  e n e r g i e s  f o r  n u c l e i  a r e  m u c h  h i g h e r  t h a n
e l e c t r o n  t r a n s i t i o n s  i n  a t o m s ,  a n d  t h e  t r a n s i t i o n  e n e r g i e s
f o r  pa r t i c l es  a re  h i ghe r  s t i 1 l
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Breakup experiments supply enou€h energy in the probe
beam to shat ter  the target .  Var ious detectors,  then,  measure
the  masses ,  e lec t r i e  eha rge ,  l i f e - t imes ,  e t c . ,  o f  t he
fragments.
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CATALOGUING THE PARTICLES

J u s t  a s  t h e  n u m b e r  o f  p r o t o n s  i n  a t o m i e  n u e l e i  d e f i n e s
t h e  c h e m i c a l  e l e m e n t s  ( c a r b o n  h a s  s i x  p r o t o n s ,  s o d i u m  e l e v e n ,
e t c .  )  s o  t h e  p a r t i c l e s  p r o d u c e d  i n  a c c e l e r a t o r s  e a n  b e
c a t a l o g u e d  a c c o r d i n g  t , o  t h e i . r  c o n s t i t u e n t  f e r m i o n s .  A
pro ton ,  fo r  ins tance,  has  two up  quarks  and a  down quark ,  and
a neut ron  has  two down quarks  and an  up  quark .
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We ca ta logue  the  fe rm ions ,  i n
measurab le  cha rac te r i s t i . cs  such  as
spin,  and the forces to  rvh ich the
fe rm ion  has  a  un ique  f i n€ fe rp r i n t .
ea r r i es  a  mass  o f  0 .51  Mev ,  eha rge

tu rn ,  acco rd ing  to
mass ,  e lec t r i e  cha re le ,

par t i .c l -e  responds.  Each
An  e lec t ron ,  f o r  i ns tance ,
-1 ,  sp i n  7 /2 ,  and  i t
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rosponds to the, eleetroma{netic foree, the rea.k force, and€lravitv. No other particle shares this exact coubination oft ra i ts .

(There are a number of other characteristics, including"charm, " "strat:Erenessr " "baryon nunber, i and, ., lepton nu6ber, ,.that ean be measured and whith physicilt" use to cataloguethe particles. such features are useful in cataloguing themore esoter ic "resonances" (see below),  but  we shal l  l in i tourselves to a considerat ion of  the basic chara"tr"" .  I
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We can  v i sua l i ze  " sp in "
sp inninEl  tops.  Spin measures
momentum. I t  is  quant ized in
A  fe rm ion ,  wh ich  has  sp in  t / 2
one  o f  two  d i rec t i ons ,  e i t he r
a long the ax is  of  i ts  mot ion.

by th ink ing of  par t ic les as
a  pa r t i e le ' s  i n t r i ns i c  an€u la r
units of 1\,,  Planck's eonstant/2ff
(  i .  e .  sp i n  h /2 ) ,  ean  sp in  i n '
c lockwise or  counter-c lockwise,

e
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A c c e l e r a t o r s  c a n n o t  c o u n t  r e v o l u t i . o n s  p e r  m i . n u t e ,  t o
m e a s u r e  s p i n  d i r e c t l y ,  b u t  t h e  p r o p e r t y  w a s  d e d u c e d  t o
e x p l a i n  f e r m i o n s '  p a E l n e t i c  m o m e n t .  F e r m i o n s  r e s p o n d  t o  a n
e x t e r n a l  m a g n e t i c  f i e l d  a s  i f  t h e y  a r e  m a g n e t i z e d ,  i .  e .  t h e y
b e h a v e  a s  i f  t h e y  h a v e  a  n o r t h  p o l e  a n d  a  s o u t h  p o l e .  T h i s
m a € l n e t i z a t i . o n  c a n  b e  e x p l a i n e d  i f  t h e  p a r t i e l e s  a r e  s F i n n i n g
e l e c t r i c  c h a r g e s .
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Sp in  aLso  exp la ins  the  d i s t r i bu t i on  o f  e lec t rons  rn
a toms .  No  two  fe rn ions  can  occupy  the  snme s ta te  ( t he  PauL i
excLus ion  p r i nc ip le ) ,  bu t  e lec t rons  d i s t r i bu te  themse lves  i n
pai rs  in  the d i f ferent  energy levels  around an atonie
nue leus .  Th i s  i s  poss ib le  i f  t he  members  o f  t he  Pa i r  have
oppos i te  sp in  s ta ies .
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ANTI-PAETICLES

Ant i -par t ic les are produced in  h. igh-enerEly  accelerator
events,  in  cosmie ray in teract ions (5 i6h enerEly  par t ie les
f rom ou te r  spaee) ,  and  i n  pa r t i c l e  d 'ecqy .  (Fo r  i ns tance ,
proton beta decay re leases a posi t ron and a neutr ino,  and
neutron deeay re leases an eLectron and an ant i -neutr ino.  )

fvolon Ne-.,r$"on
?d,h'o,n 6g,$vino
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A n t i - p a r t i c l e s  c a r r y  m a s s  a n d  s F i n  e q u i v a l e n t  t o  t h e i r  ,
b r o t h e r  p a r t i c l e s  b u t  h a v e  j u s t  t h e  o p p o s i t e  e l e c t r i c  c h a r g e .
F o r  i . n s t a n e e ,  a  p o s i t r o n ,  t h e  a n t i - p a r t i c l - e  t o  t h e  e l e c t r o n ,
car i ' i es  the  same mass and quantum o f  sp in  as  an  e lec t ron  bu t
h a s  a  c h a r g e  o f  + 1 .  l , l h e n  a  p a r t i . c l e  m e e t s  i t s  a n t i - p a r t i c l e ,
t h e  t w o  a n n i h j . l a t e  a n d  r e l e a s e  e n e r g y  e q u i v a l e n t  t o  t h e i r
c o r n b i n e d  m a s s  e n e r g i e s  p l u s  t h e i r  k i n e t i c  e n e r g i e s .  S i n c e
p a r t i c l e s  v a s t l l y  o u t n u m b e r  a n t i - p a r t i c l e s  i n  o u r  U n i v e r s e ,
a n t i - - p a r t i c l e s  d o n ' t  s u r v i - v e  v e r y  l o n g .

O n e  r v a y  o f  v i s u a l i z i n g  t h e  r e l a t i o n s h i p  b e t w e e n
p a r t i . c l e s  a n d  a n t i - p a r t i . c l e s  i s  t o  t h i n k  o f  s p a c e t i m e  a s  a
snowbank and par t i c les  as  produc ts  o f  the  snowbank:
A n t i - p a r t i c l e s  a r e  h o l e s  l e f t  i n  t h e  s n o w b a n k  a f t e r  t h e
p a r t i . c l e s  ( s n o w b a l l s )  h a v e  b e e n  r e m o v e d .  P u l I j . n g  a  p a r t i c l e
o u t  o f  t h e  s n o w b a n k  c r e a t i n g  a  p a r t i c l e / a n L i - p a r t i c l e  p a i r

r e q u i r e s  e n e r g y ,  a n d  r v h e n  a  p a r + - i c l e  f a 1 l s  b a c k  i n t o  t h e
h o l e  ( p a r t i c l e  m e e t s  a n t j - - p a r t i c l e )  i t  r e l e a s e s  t h a t  e n e r g y .
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Al ternat ive ly ,  we can nodel  ant i -par t ie les as mir ror -
images of  the par t ic les.  Mathemat iea l ly ,  i f  a  par t ic le
appears to  be " r ight -handed,  "  i ts  ar r t i -par t ie le  is  " Ie f t -
handed,  "  and where a par t ie le  t ravels  forward j .n  t ime,  i ts
mir ror  image t ravels  baekward in  t ine.

a'^+i -(^rlid"- -il\

POSITRON EMIgSION TOMOGRAPHY

Med ica l  sc i en t i s t s  exp lo i t  an t i - pa r t i c l es  t o  s tudy
ana fomic  s t ruc tu re  and  phys io log i c  f unc t i on  i ns ide  the  body .
Pos i t ron  emiss ion  tomography  (PET fo r  sho r t )  p rov ides  an
unpreceden ted  too l  f o r  resea rch  and  d iagnos i s .

In  PET,  a  pa t i en t  d r i nks  a  so lu t i on  con ta in ing  ca rbon
11 ,  t ha t  i s  ca rbon  w i th  s i . x  p ro tons  bu t  on l y  f i ve  neu t rons ,
i ns tead  o f  t he  usua l  s i x ,  i n  i t s  nue leus .  To  s tudy  t he
b ra in ,  f o r  examp le ,  a  pa t i en t  d r i nks  g lucose  i nco rpo ra t i ng
ca rbon  11 .  The  ca rbon  11  nuc leus  i s  uns tab le  ( t oo  much
repu l s i ve  e l ec t r i c  cha rge  i n  r e l a t i on  t o  t he  "g1ue "  b i nd ing
nue leons  i ns ide  the  nuc leus )  and  i s  p rone  to  be ta  decay :  a
p ro ton  i n  C11  decays  to  a  neu t ron ,  a  pos i t ron ,  and  a
n a r r T F l h ^
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The posj . t ron very quick ly
ca rbon ' s  e lec t rons ,  p roduc ing  a
emerge  i n  oppos i te  d i rec t i ons .

annih i la tes wi th  one of
pair of ganrna rqys which

,n 
4 g^-.*+o\ .'.^7

@--> fs+@
,f

t' 

\o""'ihiklion 
t& e'i o' o. e'-

Gamma de tec to rs  ou ts ide  the  pa t i en t ' s  body  reeo rd  the
gamma rays. Knowing that simultaneous rays emer€led from the
same po in t ,  i t ' s  poss ib le  t , o  de te rm ine  where  i n  t he  body  they
o r i g i na ted .  By  reco rd ing  such  ganma  ray  pa i r s ,  i t , s  poss ib l e
to  c rea te  a  de ta i l ed  image  o f  t he  t i s sue  o f  o r i g i n .

Pos i t r on  em iss ion  t omography  i s  espee ia l r y  use fu l
beeause  i t  enab les  se ien t i s t s  t o  i r oage  no t  on l y  i n te rna l
s t ruc tu res  bu t  phys i .o log i c  p rocesses  as  we1 l .  Fo r  s )<amp le ,
i f  a  pa t i en t  l i s tens  to  mus ic  du r ing  a  pET  sean ,  a  pa r t i cu la r
reg ion  o f  t he  b ra in  the  aud i to ry  cen te r  - -  , , l i gh ts  

up , ,
( i . e .  concen t ra tes  the  c17 /g rucose  and  the re fo re  em i t s  more
gAmma rays ) .  When  the  pa t i en t  ana l r r zes  the  mus i . c  ( "q /+  t ime ,
D  ma jo r ,  a ] l eg ro " )  ano the r  reg ion  o f  t he  b ra in  l i gh ts  up .  l l e
can "wateb"  the bra in at  work.

$6r.nr-ror Je,)cclur
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LEPTONS: ELECTRONS AND NEUTRINOS

Fermions such as e lect rons,  pos i t rons,  and neutr inos
that respond t 'o the weak force but not the strong force, are
ea l l ed  l ep tons ,  o r  t he  " I i gh t  ones .  "

We are fan i l iar  wi th  e lect rons:  they produce sparks
when we dra€l our feet aeross a carpet, and the f low of
e lec t rons  powers  ou r  e lec t r i c  app l i ances .  E lec t rons  a re
the most  thorouglh ly  s tud ied of  a l l  the erementary par t ic les:
as  desc r ibed  i n  p rev ious  chap te rs ,  e l -ec t rons  were  the  f i r s t
fermions to  be weighed and measured.  E lect rons in
d i f f ract ion e)q)er iments dernonstrate the v /ave nature of
pa r t i c l es .  E lee t rons  reco i l i ng  i . n  pho toe lee t r i c  expe r imen ts
reveal  the quantum nature of  l ight ,  and e lect ron t rans i t ions
in atoms demonstrate the quantum nature of  enerEly .
Phys i c i s t s  rou t i ne l y  use  e lec t rons  to  p robe  the  s t rue tu re  o f
o the r  pa r t i c l es .

Neu t r i nos  a re  the  mos t  common fe rm ions  i n  t he  un i ve rse
and  a l so  the  mos t  e lus i ve .  They  ou tnumber  e lee t rons  and

pro tons  by  abou t  t en  b i l l i on  to  one ,  bu t  t hey  i n te rac t  so
ra re l y  w i th  o the r  Fa r t i . c l es  tha t  t hey  can  pass  th rough  masses
such as the Ear th or  even the sun r+ i th  l i t t le  chance of
i n te rac t i on ,  i .  e .  w i thou t  bump ing  i n to  any th i_ng .  Neu t , r i nos
a re  essen t i a l l y  pu re  sp in :  t hey  ca r r y  no  e l ec t r i c  cha rge ,
and  they  a re  though t  t o  be  mass less  (bu t  see  be low) .

Neu t r i - nos  i n te rac t  ra re l y  w i th  o the r  pa r t i c l es  because
they respond only  to  the weak foree and the force of  grav i ty .
The  f o r ce  o f  g rav i t y  i s  i ns i g fn i f i ean t  a t  t he  sca le  o f
i nd i v i dua l  pa r t i c l es  because  pa r t i c l es  have  such  l i t t 1e  mass ,
and the ranEle of  the weak force is  exceedingly  shor t :  in
o rde r  t o  fee l  t he  weak  fo rce  f rom ano the r  f e rm i_on ,  a  neu t r i no
mus t  pass  w i th in  10^ -16  cm - -abou t  one - thousand th  the
d iamete r  o f  a  p ro ton .  Such  c lose  app roaches  a re  ve ry  ra re .

Desp i t e  t he  neu t r i no ' s  shyness ,  phys i c i s t s  have
eons t ruc ted  neu t r i no  " te lescopes"  to  s tudy  the i r  behav io r .
Neu t r i no  de tec to rs  i neo rpo ra te  vas t  poo ls  - -  hundreds  o f
cub ic  me te rs  o f  wa te r  o r  ca rbon  te t rach lo r i de  (a  e lean ing
so lu t i on ) .  O f  t he  b i l l i ons  o f  neu t r i nos  pass ing  t h rouE ih  t he
vo lume o f  f l u i d ,  one  does  occas iona l l y  i n te rac t  w i th  a  p ro ton
in  the  poo1 ,  and  the  reae t i on  p roduces  a  de tee t ,ab le  f l ash  o f
I  i gh r .

NEUTRINOS AS WINDOWS ON THE SUN AND UNIVERSE

Unl ike neutr inos,  photons respond to the e lect romaElnet ie
foree (  in  fact  they are earr iers  of  that  force) ,  which has
inf in i te  range,  and therefore in teract  wi th  charged par t ie les
ins ide the sun.  S ince the core abounds wi th  f ree e lect rons
and protons photons r icochet  around the core for  a  mi l l ion
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years,  or r  8v€rAge,  whi le  netur inos eseape d i rect ly .  Neutr ino
deteetors, . . t 'ben,  te I l  us what  happened in  the core of  the sun
8 and 7/2 n inutes 8go ( the l ie lh t - t ravel  t ime f rom sun to
ea r th ) ,  wh i re  sun l i gh t  i s  abou t  a  n i l r i on  yea rs  o l d .
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A n  i n t r i g u i n g  p r o b l e m  i n  a s t r o p h y s i c s  i s  t h a t  o f  t h e
" m i s s i . n g  s o l a r  n e u t r i n o s " .  S o l a r  p h y s i e i s t s  t h o u g h t  t , h e y
u n d e r s t o o d  t h e  n u c l e a r  r e a c t i o n s  a t  t h e  e o r e  o f  t h e  s u n ,
r e a c t i o n s  w h i c h  p r o d u c e  n e u t r i n o s .

w
W-W +ffi) + z@

Th. "pto),r"t - 
ff'lo{'.9"' re^.lio\ , wAich ptoelucl-s 1snlvinoJ

"+ 
tlre j\^\^

a'.,L gonhr,\ Y€\,ys i"t ltae cove

But  when sophi .s t icated neutr ino detectors be€ian eount ing
so la r  neu t r i no  f l ux  ( t he  numbers  o f  neu t r i nos  a r r i v i ng  a t
Ear th) ,  they found only  about  a th i rd  the expected number.
Where  a re  the  "m iss ing  neu t r i nos "?  I s  t he  sun  bu rn ing  ou t?
(We cou ld  s t i l l  be  ba thed  i n  the  "o ld "  pho tons  o f  a  once
ho t te r  sun .  )

Recent  theoret iea l  s tudy sug€lests  that  e lect ron
neutr inos might  metamorphose en route f rom the core and
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beeome muon neutr inos (see below).  Current  detectors are not
sensi t ive to  the muon neutr inos.  Other  ev idence suggests
neutr inos nay be t rapped ins ide the core by the sun 's
magne t i c  f i e l d .

e'l e.c\vo"t netfndrro

t,t lnraol ngrt\Ano

Phys ie i s t s  a re  i n t r i gued  by  neu t r i nos  fo r  ano the r
reason .  Neu t r i nos  have  been  rega rded  as  mass less ,  bu t  t he re
i s  some ev idence  they  may  ca r ry  a  sma1 l  mass ,  on  the  o rde r  10
eV.  Even  though  th i s  i s  van i sh ing l - y  sma l l ,  t he re  a re  so  many
neutr inos that  the to ta l  contr ibut j .on may be enough to
"c1ose"  the  Un i - ve rse .  Tha t  i s ,  neu t r i nos  may  con t r i bu te
enough mass Lo s top and then reverse the expansion of  the
l Jn i ve rse .  (We  sha l l  d i scuss  t h i s  "m i ss i nE l  mass "  p rob lem i n
more  de ta i l  i , n  Ch .  9 .  )

QUARKS AND HADRONS

Quarks are the fundamenta l  const i tuents of  nuc lear
pa r t j - c l es  ( e .9 .  t he  p ro ton  and  t he  neu t ron ) .  I n  t he  Un i ve rse
a t  l a rg le ,  t he re  a re  two  " f l avo rs "  o f  qua rk  - -  up  and  down .

(The  t e rm  " f 1avo r "  i s  wh ims i ca l .  Pa r t i c l es  do  no t
ac tua l l y  t as te  ] i ke  choco la te  o r  van i l l a :  phys i c i s t s  use  t he
te rm to  exp ress  cha rac te r i s t i cs  tha t  a re  o the rw i . se
i . ndesc r ibab le  i n  o rd ina ry  l anguage .  )

Quarks  ca r ry  f rac t i ona l  e lec t r i c  eha rge  +2 /3  (up
quark )  o r  -1 /3  (down  quark ) .  An t i qua rks  ca r ry  the  oppos i te
eharE le  + I /3  (  an t i -do rvn )  o r  -2 /3  (  an t i -up )  .

uf, fnar (
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In nature, quarks always combine to form composite
par t ie les ca l led hadrons,  wi th  net  in tegfer  e lect r ie  charge.
There are two sub-categor ies of  hadron,  baryons and mesons.
Baryons eontain three quarks, and the nesons contain two
quarks a quark and an anti-quark. The nost common baryons
are the neutron and the proton.

f,rolon

Ne,*r.}von

P i o n s  a r e  t h e  m o s t  c o m m o n  m e s o n s .  T h e y . a c t  a s  a  k i n d  o f
nuc lear  €1ue,  and they  appear  in  abundance in  the  deeay
p r o d u c t s  o f  c o s m i e  r a y s  a n d  i n  t h e  a c c e l e r a t o r s .  I t  i s
in te res t i .ng  to  no te  tha t  mesons decay  to  lep tons
e l e c t r o n s ,  p o s i t r o n s ,  a n d  n e u t r i n o s  a  h i n t ,  t h a t  q u a r k s  a r e
r e l a t e d  t o  l e p t o n s

poi*o

@

Exper iments at  Stanford Univers i ty  and e lsewhere may
have detected f ract ional  charges character is t ie  of  f ree
quarks,  but  theory prediets  quarks are permanent ly  conf ined
in hadrons:  they cannot  be pr ied out  o f  baryons or  mesons
exeept at extreme temperatures, high above the ener€l ies
o rd ina r i l y  ava i l ab le  i n  ou r  Un ive rse .
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EVIDENCE QF OUARKS

rc quarks are bound permanent ly  ins ide hadrons,  how do
we know Lhey exist?

Three sets  of  exper iments prov ide ev idenee of  quarks.
Repeat ing Ruther ford 's  c lass ic  protoeol ,  but  operat ing at
much h igher  energ ies and us in€ e lect rons as probes,
phys ie is ts  f ind point  masses embedded ins ide protons and
neutrons.  Those point  masses carry  eharge and sp in
cha rac te r j . s t i c  o f  qua rks .

It+o^
Tobo bq-r

r
point v\,\qes (q*o.h) 

'rra:,role- p'olo.-r

S t a n f o r d  e x p e r i m e n t e r s  c l a i m  t o  h a v e  d e t e c t e d  f r a e t i o n a l
c h a r g e s  d i r e c t l y  b v  a  m e t h o d  s i m i . l a r  t o  M i l l i k a n ' s  o i l  d r o p
e x p e r i m e n t .  T h e y  s u s p e n d e d  n i o b i u m  s p h e r e s  i n  a n  e l e c t r i . e
f i e l d  a n d  m e a s u r e d  t h e i r  n e t  c h a r g e .  R a r e l y  ( s o  r a r e l y  t h a t
t h e  r e s u l t s  r e m a i n  c o n t r o v e r s i a l )  t h e y  f o u n d  n e t  e x c e s s
c h a r g e s  o f  - f  / g  o r  + 2 / 3 .
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A th i rd  exper imenta l  observat ion,  par t ic le  je ts ,  a lso
supports the quark model. Jets are produeed in hi€h energy
par t i c l e /anL i -pa r t i e le  eo l l i s i ons .  They  a re  t i gh t l y
co ] l ima ted ,  two  j e t s  i n  oppos i te  d i ree t i ons ,  & t  ene rg ies
ind icat ing they must  resul t  f rom the product ion of
quark,/ant, i  -quark Pairs.

Ja{ .S hp.-lon:

cr,rl}iidz
f 
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HIGHER ENERGY FERMION FAMILIES

Inc luded in  the  debr j -s  o f  h i .gh-energy  acce le ra to r  and
c o s m i c  r a y  e v e n t s  a r e  s o - c a l l e d  " r e s o n a n c e s "  f e r m i o n s  w i t h
c h a r a c t e r i s t i c s  s i m i l a r  t o  t h e  b a s i c  e i g h t  f e r m i o n s
( e l e c t r o n ,  n e u t r i n o ,  u p  q u a r k ,  d o w n  q u a r k ,  a n d  t h e  a n t i -
p a r t i . c l e s  o f  t h e s e _ f o u r )  b u t  w i t h  g r e a t e r  m a s s .  F o r  e x a m p l e ,
a  n e g , a l i v e  m u o n ,  p  ( w h i . c h  w e  d i s c u s s e d  a s  a n  e x a r n F l e  o f  t i m e
d i  l a t i o n  i . n  s p e c i a l  r e l a t i v i t y )  i s  i d e n t i c a l  t o  a n  e l e c t r g n  .
e x c e p f  i t  h a s  a b o u t  2 O O  L i m e s  t h e  e l e c t r o n ' s  m a s s .  . { T h J h a s
the  same charE le ,  sane sp in ,  and reac ts  to  the  same fo rees  as
t h e  e l e c t r o n .  )  M o r e  m a s s i v e  s t i l l  i s  t h e  t a u o n ,  T  

- ,  
a b o u t

1 8 0 0  t i m e s  t h e  e l e c t r o n ' s  m a s s .  O t h e r w i s e  t h e  t - ,  t o o ,  i s
i d e n t i c a l  t o  t h e  e l e c t r o n .

The p  and f  
-a re  

uns tab le ,  and bo th  decay  very  rap id ly  to
e l e c t r o n s  a n d  n e u t r i n o s .  H e n c e  t h e  t e r m  " r e s o n a n c e s :  "  t h e y
b e h a v e  l i k e  h i g h e r  f r e q u e n c y  h a r m o n i c s  o f  t h e  s t a b l e
e l e c t r o n ,  j u s t  a s  a  p i a n o  s t r i n € l  m a y  v i b r a t e  a t  a
" f u n d a m e n t a l "  f r e q u e n c y  a n d  a t  h i g h e r  h a r m o n i c  f r e q u e n c i e s .
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Recent
f am i l i es  o f
f  an i  1y  p lus

F:...,tV i

evidence suglgests there are at most tbree
fermions - -  the basie e ight  fermions in  one
two  fan i l i es  o f  resonances .
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( S e e  t a b l e  o n  p . l / 6  f o r  d e t a i L s .  )

NEW MODELS OF FERMION STRUCTURE

Are the  known lep tons  and quarks  rea l ]y  fundamenta l
p a r t i c l e s ,  o f  a r e  t h e y  c o m p o s i t e s  t h e m s e l v e s ,  b u i l t  f r o m
s n a l l e r  c o m p o n e n t s ?  H e r e  a n d  t h e r e  a r e  i n t r i g u i n g  h i n t s  t h a t
t h e  q u a r k s  a r e  r e l a t e d  t o  l e p t o n s :  m e s o n s  ( b u i l t  f r o m
quarks)  decay  to  lep tons ,  and when a  neut ron  decays ,  one o f
i t s  down quarks  becomes an  up  quark  p lus  lep tons .  I f  lep tons
a n d  q u a r k s  c a n  b e  i n t e r - c o n v e r t e d ,  i t  s e e m s  p l a u s i b l e  t h e y
a r e  j u s t  m i x t u r e s  o f  t h e  s a m e  u n d e r l y i n g  c o m p o n e n t s .

Recent  e - :cper inenta l  da ta  sugtg ies t  the  e lec t ron  may have
i n t e r n a l  s t r u e t u r e  ( D e h m e l t ,  S e i e n e e ,  Z / Z / g O ) :  t h e
magnet ic  moment  o f  the  e lec t ron  depar ts  f rom the  magnet ic
m o m e n t  p r e d i e t e d  f o r  a  p o i n t  p a r t i . c l e  i .  e .  t h e r e  i s
e v i d e n c e  f o r  a  s p a t i a l  d i s t r i b u t i o n  o f  e l e c t r i c  e h a r g e  w i t h i n
t h e  e l e c t r o n .
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The current favorite candidate to explain the inter-
re la t ion of  fermions is  s t r ing theory,  whieh nodels  par t ic les
as one-d imensional  s t r ing segments rather  than as point
masses.  St r in6 theory models  the basie I  quarks and leptons
as s t ra ight ,  non-rotat ing segments,  and the resonanees ie .g.
tauons and muons)  are v ibrat ing or  ro tat ing s t r inEls .

JlnnS t^to.l.l 
"'t

5t'i15 -,"del -f

T' f  oY);cle-
ele-ch,or'l. \J\

A c c o r d i n g  t o  s t r i n g  t h e o r y ,  t h e  f o r c e s  € l o v e r n i n g
p a r t i c l e  i n t e r a c t i o n  a r e  e a r r i e d  a t  t h e  s t r i n g  e n d s .  S t r i n g
segments  can in te rae t  end to  end or  in  loops .  As  we sha l l
s e e  i n  t h e  n e x t  c h a p t e r s ,  s u c h  c o n f i g u r a t i o n s  m a y  m o d e l
f o r c e s  m o r e  e l e g a n t l y  t h a n  d o  o t h e r  t h e o r i e s .

I oop

An extension of  s t r in€ theory j .s  the so-eal1ed
"he te ro t i . c  s t r i ng .  "  Acco rd in€  to  he to ro t i e  s t r i n€  theo ry ,
fermions and bosons are a l l  c losed loops,  and they are
dis t ing lu ished f ron each other  by the f requency of  v ibrat ions
a round  the  Ioop .  He te ro t i e  s t r j . ng  theo ry  i s  espec ia l l y
a t t rae t i ve  because  i L  i nc ludes  the  fo rce  o f  g rav i t y  as  a
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fundementa l  eomponent :  the basic  c losed
{raviton, the hypotheti.eal quantum of the
fo r ce .  (See  Ch .  7 . )

loop is the
€lravitat ional

5tq'ilo"'
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(vibrr.f,-":

gxavilon l.T )

-  . ,  I 4e  can ' t  r eso l ve  s t r i ng  s t ruc tu re  i n  ou r  acce le ra ro rs
because  they  a re  so  sma l l  ( on  the  o rde r  1O^-3g  cm)  tha t  t hey
appea r  po in t - 1 i ke .

o f  t he  cu r ren t  a t tempts  a t  un i f i ed  f i eLd  theo r ies
he te ro t i e  s t r i ngs  seen  the  mos t  t i ke l y  t o  eneompass  a l l  t he
known  pa r t i c l es  and  fo rces .  He te ro t i c  s t r i ng fs  may  be  the
fundamen ta l  " s t u f f "  o f  t he  Un i ve rse .

SUMMARY

Phys i c i s t s  de f i ne  two  bas i c  c l asses  o f  pa r t i c l es :
fe rm i "ons  and  th re  bosons .  Fe rm ions  a re  the  bu i l d ing -b locks  o f
ma t te r  t he  cons t i t uen ts  o f  a toms  - -  wh i l e  bosons  ca r ry  the
fo rces  tha t  ho ld  those  bu i l d i_ng -b locks  to€ le the r .

There are e ight  fundamenta l  fermi .ons:  the e lect ron and
the  an t i -e lec t ron  (pos i t ron ) ,  t he  e lec t ron  neu t r i no  and  the .
ant i -neutr ino,  the up quark and the ant i -up,  and the down
quark and the ant i -down.  These e ight  bu i ld  a l l  knorrn mat ter
i n  t he  un i ve rse .  o the r  eso te r i e  pa r t i c l es  ( resonanees )  a re
produced in  par t ic le  accelera lors  and h igh energy cosmic ray
interact ions,  but  they decqy quick ly  to  the fundanenta l
e  i gh t .

Leptons,  ine luding the e lect ron and the neutr ino,
respond to the el.ectromagfnetie and weak forees but not to the
st rong foree.  Hadrons are par t ic les composed of  quarks,  and
they  respond  to  a l I  t he  fo rces ,  i nc lud ing  the  s t rong  fo ree .
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New theor ies postu late more fundamenta l  par t ic les
underlying the structure of leptons and quarks. Among the
new theoret iea l  models ,  s t r ing theory may encomPass a l l  the
known fermions and forces in  one e legant  theoret ica l
framework.
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CI]APT"IIR, 6 QUESTIONS
PART I ( ]LES

1 .  D i s t i n g u i s h  f e r m i o n s  f r o m  b o s o n s ,  a n d  b r i e f l y  d e s c r i b e
t h e i r  r r : 1 e s .

Z. Diagram the cornponerrt  struc'Lure of a Lr l , rdroggr atorn.
Ident i f y  Lhe fundamenta l  fe rmi r :ns ;  b l ra t  b r . r i ld  Lhe a tom.

3 .  Sr rppr rse  z r  g roup o f  p l ' r ys i r : i s1 . ;s  want , r :d  to  s t ,uc ly  i ,he  7 ,
p a r l ; i r : l e  ( a  b o s r : n  L h a L  e a r r i e s  t h e  w e a k  n u c l e a r  f o r c e ) .  T h e
Z  l t a s  a  m a s s  r : f  a b o u t  9 3  G e V  ( 9 1 i  b i ] l j o n  e r l e c t r o n  v o l t s ) .  I f
L h e  r e : ; e a r r - ' h  € i r o u p  i s  u s i n E i  a n  e l e c t r o r r / p a s i t r o n  c o l l i d e r  f r : r
the :  : ; t ,udy ,  hor , l  much energy  must  t l - rey  inves t  in  t l re  co l l id ing
p a r t i r : l e s  i n  o r d e r  L o  c r e a L e  a  Z ?  A s s u m e  a l l  t h e  k i n e l ; i c
t jnc - r '$ . . r '  o f  the  co l  l id ing  par t i c - Ies  and a l  I  the i  r  rnass  is
r :onver ted  i  n i ; r :  Z '  r : .  ' Ihe  mas, " ;  o f  the  e lec t ron  is  abor - r . t ;  O.  511
M e V  ( O . 5 1 1  m i - t 1 i o n  e - L e c t r c n  v o l t s ) .

4 .  l j r :ppose a .n  acce le rabor  acce le ra tes  e lec t rons  to  1  i ' eV
(  1 0 "  1 2  e l e c t . , r o n  v ( ) l 1 ; s ) .  W h a t  i s ;  t h e  r e s o l t r t . i o n  o f  L h r e
p a r r , j c l e  b e a m  ( i .  e . ,  w h a t ,  i s  t h e  d i a m e L e r  o f  L h e  s m a l l e s L
: ; t . r : r rc t r . r re  t ,ha f  can  be  de ter : te< l  hy  the  beam) ' r

5 .  I ) i a 9 r a r n ' b h r :  e s s e n t i a l  s t r r r t : t u r e  o f  a  p a r t : i c l e
a  ( ) ( : e ]  1 e r a 1 . r r r - .

t j .  T l i e  f o l . l r : w j n €  € r a p f r  i l  l u s t , r a t e s  a  m e t h o d  o f  c l e t e r m i n i n g
f , h r :  m a s s  o f  a  p a r 1 ;  i c l e ,  i . n  i ; h i s  r : a s e  t h e  Z .  T h e  r e s e a r c h e r s
g , r 'a r i r ra l1y  in r - - rease 1 ;he  er re rg{ ies  a t '  e lec t ; r :ons ;  anc i  pos i t rons
r:r ;unt-er- rr ; t ,a1-;  i  n€ a rotrnd an acce Lerat r t r  anrf  r :orrn t  l ;he nurnber
t- t f  '1, ' : - :  prodtrcecl  at  ear:h ener€{y.

l , ' rom l ;he  abr :ve  r la ta ,  what  i s  the  mass ;  o f  the  Z? Why is ;
l . l te re  a  b road Lrump r - ,n  tL re  g raph ins tear i  o f  a  sharp  peak?

' / .  l t e : ; r ' : r - i t . r e  h r . r w  t L  i s  p o s s i b l e  b r :  r n e a s u r e  p a r t i c l e  s p i n .

L  De i  i r re  "e l . r : c t r -o r r  vo" l  f  ,  "  a r r t l  exp lz r in  wkry  i t  i s  a  measu l :e
o f  energ . . r ' .  Why is  i r ;  a lso  a  meas- ;u re  o f  mass ; '?



9 .  I r r  v r h a t  w a y s  a r 6 r  a n t i - p a r t i c l e s  s i m i f a r  t , r :  t h e i r  p a r t n e r
p a r b i  r : l e s ?  I n  v r h a t  v r ' a y  d o  L h e y  r ) t f  f  e r ' i

10 .  F lxp la i r r  t t re  p l :oc r?ss i  by  wh ich  an t ; i - -par : l ; i c les  a re  p roduced
i  n  pos ;  i t r r :n  emiss  ion  bomography ,  and exp I  a  i  n  h r :w
p a r t . ' t c l e , / a n l -  i  - p a r t . i c l e  a n n i h i  l a L i o n  r : a n  b e  e x p l o i t e d  t o
r - : rea l ,e  a .y7  image o f  i -n t -e rna l  i :oc l i l y  s t ruc tu res .

I  I  .  l Juppcrse  t -h r :  fo l low inp f  e ;ver r t  i s  observed:  a  neut ron
r , ih ic l r  wa: ;  rn i l - ia l l : t  aL  res t  r le r :ays .  The der :ay  p r r - rducbs
c ie t .ec ted  j .n  a  c loud c ;L ramber  i r rc l t rde  a  p ro ton  anc l  an  e- lec t ron ,
anr l  Lhe ne t  mr :ment r :m o f  Lhe deeay produc ts  i s  as i  shown in  the
r l  iagrarn .  As ;s ; r . l rn i r rg  tha t  mornentum is  a lways  conserved,  i s  j - t
p o s s i b l e  t h a 1 ;  t h e  p r o t o n  a n c f  e l e r : t r o t r  a r e  t h e  o n l y  d e e a y
prociucts? Whal;  ( :An you say about the momentum. mass, and
e ler : t - r i c  charge o f  any  "miss i -ng"  decay  pr r : r lue ts ;?

12.  I l xp la in  why pkr r : tons  take  so  lc rng  to  e$r iape f r :om the  core
r ;1  t  i re  sun,  v , rh  i  1e  ner rL r  in r :s  escape d  i  recL  1y .

1 3 .  l l r ; w  i  s  i t  p ( ) s s i  t i l e  t o  c i e L e r c t ;  n e u L r i n o s ?

14. i ' lhy nra..r  rreutr i rros hr: ld Lhe ke).  1;o l ;he faLe of the
Lln i  vr:rsr; '?

15-  Knowing the  cor rs t ; i t ;uen t  quarks  in  a  neut ron ,  show tha t
Lhe rteut,ron has a ne1_- ()  el-er: t r i r :  charge.

1 6 .  U i t . e  e x p e r i m e n t a l  e v j - d e n e e  f o r  t h e  e x i s t e n c e  o f  q u a r k s .

1 ' /  .  I n  w h a t  w a l / s  i s  t h e  m u o n  s i m i l - a r  t o  a n  e l e c t r o n ?  H o w
d o e s  i L  d i f f e r ?

i t l  .  Wl ra rL  acce le ra ' tc . t r  energ i r :s  wou ld  be  requ i re r - l  to  reso lve  a
s t r i n g  1 0 - - 3 9  c m .  i n  d : - a m e t e r " ?



DEMONSTRATIONS
{JHAPT'ER 6

Par t i c l e  t racks  i n  a  c loud  r :hamber :

S i m p l e  r , - l o u c l  r : h a m b e r  a p p a r a t . u s  ( c - l e a r  p l a s t j c  c o n t a i n e r
l  i n e d  v r i t t r  b l a c k  e o n s f  r r r c b i  o n  p a p e r ,  i s o p r o p y l  a L c o h o l ,  a n d
a  l o w - e n e r g y  a l p h a  s j o u r c e  s u c h  a $  l e a d  ? , 1 O )  i s  a v a i l a b l e  f r o m
s r : i e n l - i f  i c  s u p p l i e r s  s u c h  a s  C e n c o .  S o a k  t h e  c o n s t r u r : t i o n
paper  in  a lcoho l  and s ;ea l  th re  conta iner  a t ;  room tempera ture ,
t -o  a l l r : v r  a i r  in  the  chamber  t r :  sa tu ra te  w i th  a lcoho l  vapor .
A fLer  t .wc i  o r  t ,h ree  minu tes ,  se t  the  c l ramber  on  dry  i . ce  o r  on
a  c r ; n L a i n e r  f i l l e r l  w i b h  l i q u i d  n i t r o g e n .  ( A  s t y r o f o a m  c u p
cut  to  1  cm.  dept ;h  wr r rks  v re l l .  ) I t  he lps  to  par :k  d ry  i  ce
ar r r rn r l  the  hase rs f  the  charnbet ,  o r  sur round 1-he  chamber  and
I  i q u i d  n i t r o g e r - r  c r : n t a i n e r  w i t , L - r  i n s u l  a b i n g  m a t e r i a l .  (  I  u s e
LYte  v , 'ax  b l .o r :ks ;  f ro rn  a  r ipp le  tank .  )  I f  us ing  l iq r , r i r l
r r i ' t - r 'o5{en, be carel 'u l  nof fo expos;e the plas' t  ic chamber:
d i rec tL : t  f "o  the  n iL rogen or  the  chamber  v , ' i11  c rack .

Af  t , r ; r  ( )n€ ]  o r  t ,wr r  rn in r i l ;es  c : f  coo l  in€ ,  y ( )u  w i l l  s ta r t  to
s e e  p e n c i l - l i n e  s t r e a k s  o f  v a p o r  e m a n a t , i , n g  f r r : m  t h e
r : a d  j  o a c t i v e  s o u r c e .  T h e s e  a r e  p a r t , i c l e  t r a c k s .  I f  y o u  d o n ' t
s e e  t r a r : k s  a t ' t e r  a  r : o u p l e  m i n u l ; e s ,  w i p e  a n y  r . : o n d e n s a t i o n  o f f
i .he  s ; ( ) l t rc6?  and i - ry  aga ' i  n .

T'r :y embeclcl ing t l re chzrmber in a strong external magnet ic
f  ie1d ,  e .g .  be1;v , reen Lhe pr : les  r : f  a  la rge  hr : rseshc le  ma€ lne t  o r
be tween r : lec t r :omagnet  co i l s .  What  happens to  the  par t i c le
bracks , artd- wlty'l

O c r : a s ; i o n a l l y  y o u  w i l l  o b s e r v e  t r a c k s  t h a t  d r :  n o t
r :r ig inat,e frr-rm bhe s;r :r l r r :e br:1.  cross the charnber aL odd angles
r e l a t , i v e  L r r  t h e  s o u r ( : e .  W h a l ;  i s  f h e  o r i E i n  o f  t h e : ; e  t r a c - ' k s ?



2. Mea.Eur.Ln€ -t]_re tugsg p_f, the e_1_ectrreq.i

F o r  1 ; h i s  e x p e r i r n e n l ;  y o u  w i l l  n e e d  m o ] : e  s o p l ' r i s t i c a b e d
apparaLus  v rh ic l r  i : ;  ra ther  expens ive  and may no t  be  read i - l } '
a v a i l a b l r : .  A  v z i t : u u n r  t ; u b e  w i t , h  a  p i n h o l e  m a s k  a b o v e  t h e
c a ' b h o d e  i s  c e n L e r r z . l  b e l ; w e e n  f , w o  e l e e ' b r o m a g : n e t i c  c o i l s .
i Je fo r :e  Lurn ing  on  the  e lec t roma6lne t ic ,  &d jus t  the  vo l tages  in
t h e  1 - u i : e  t r :  r : b l ; a i r r  a  p e n r : i 1 - l i n e  e l e c t r o n  l : e a m  d i r e c t e d
s . ; 1 ; r a i g h t ;  u p  i n  t t r e  t u i r e .  N c r w  a d  j u s t  t h e  m a g n e f i c  f  i e l d  t o
cr l rve  1-he  e" l  ec t ron  bearn  Lo  a  r r reasr : rab le  rad i r :s  in  the  t r - rbe .

i { "nov , ' inS tk re  s l . rengt ,h  o f  the  rnagnet ic  f  ie ld ,  the  e lec t , r i c
c l :a rge  or )  Lhr ;  e lec t ron ,  bhe ac{ }e le ra t ing  v r : l tage  i -n  the  tu } :e ,
e r r rd  t ,L re  rad ius  c r t  curva t ,u re ,  can  you de termine the  mass  o f
the  '+ Iec l ; ron ' l  F r r : rn  l ,he  da fa  y r :u  co l lec t ,  whaL is  yo l r r
e r ;  t , in rabe o f  tL re  e - [e r : t , ron  mass?

:1. ,F-lerdel-lirr* t-te _ef_fe_c-t af rira,sfi on pa-t-h c.u-ry,a!-u-rs-;

, - 'o r rs t . ru r : ' l ;  a  s lan f  bcrarc i  w i th  a  spr ing- loar ied  l .auncher
(  such as  f  r r :m a  p inba l  l  mach i  r : re )  d  i rec te r l  ab  a  f  i xed  ang le  on
t . h e  b o a r c l  .  i , a u n c h  s p h e r e s  o f  v a r i o t r s  m a s s e s  (  e .  g .  m a r b l e s ,
: ;1 -ee ]  bear ings ,  Ieae l  bear ings ; ,  wor :d  spheres)  a t  Lhe sarne
i  r r  i t . ia l  ve l r - rc i  t  y  acro : ; "$  t .he  board  .  What  i  s  t .he  e f  f  ec t  r : f
rnassj  orr  Lire r :r l rvature of the 1,ra. jer: f ,or:r?



t iow can you hre $r. l re you are l .aunchirrg fhre di f ferent.
mass ies  aL  the  s iame in i .L ia l  ve l  r : r - -  i  t> '?  (  H inb :  re rnernber
Newt ;o r r ' s  : ;ec : r ind  law and tL re  fo r r :e  exer : tec l  by  a  spr : ing ,
l -  =  kx ,  v rhere  k  i s  the  : ;p r ing  c t>nsLan l ;  and x  i s  Lhe d is tance
t,Ltt= r ;pr i  ng i  s c;ompres;se;d f  rorn i t . : ;  resl ;  pr:s i t i  on. )

4. $pr_o,r_rrng phar:ge predu.ees a uag"ne"!i.a t_ield;_

CLrarge & l igh t  rne t .a l  gy roscope us ing  a  Van de  Gra f
genera l ,o r  o r  s t .a l , i r :  e le r . : t  r t r : i i , y  appara l , r t r ; .  i l ang  the
€lyrr) : icope between the po. les of a st ,rorrg hclrse;shoe ma6{net or
e  I  ec f  romagr teL  c r :  i  1 : ;  .  Nr ' r i ;e  i  t s  pos  i t  i  o r r  be f  o re  sFr  inn  ing  bhe
gyroscope.  Now sp in  1 ;L re  € fy roseope ar ic l  r ro te  i t s ;  po : ; i t ion .
hl l ral  r--hanpfe do ;rou observe, and vlhy?

1..r .  Depenclence of resol ut i  orr  ()n vJave i  engl,h:

S r : b  u p  a .  r i p p l e  t a n k  w i b h  s l i t  a b o u t  2  c : m .  w i d e  i n  a
t r r r r r i r : r  a t ,  rn id - f r rnk .  Vary  t .he  v rave- ie r rg th  o f  waves  t ravers ing
l . - . l r r :  s . l  i i ;  ( b y  v a r y ) n g  L h e  f  r e q u e n c y  r s f  t h e  w a v e  B e n e r a t o r ) .

l ruaqine yotr  are t , rytr tg lo dete;rmine the cl  iamet,er of the
s l i t  u s i n €  o r r l y  t h e  a p p a r a t u s ;  a v a i l a b l e  i n  L h e  r i p p l e  t a n k .
WLr ic l r  g ives  yor l  n ror :e  acr :u ra t -e  i r : r fo rmat ion  aL :ou t  t ;he  s l i t
widfh, long wavelengbh,. ;  or skrort . ' /  tn lhv?



6. U_oclei .o_f. a s_r:af,lel:in*{ eXpeSls,.rent...

Ar t 'a r tQe heav l ' r  meta l  bear ings i  o r  cy l indr  j  ca l  we igh ts ;  on  a
f la t ,  sur face ,  a r rc l  s . ;hoot  l igh t  marb les  toward  them.  P lace  the
" ta rgeL"  mas jses ;  apar t  f rom ear :h  o ther  ab  leas t ,  bw ice  the
d j a m e t e r  o f  t , L r e  " p r o b r e "  m a r h . l e s .  W h a t  i s  1 , ] r e  d i s t r i b u t i o n  r : f
m a r b l e s  s c a t t e r i n g  ' : f f  t h e  L a r g e L s ; ?

' l ' l ' y  o f l re r  i - ,a r€1ets ,  such a$  a  bean bag,  o r  ta rge ts  w i th
I  igh ter  ma.e ; : ;e . r j  anr l  no te  Lhe var ia t ion  in  d is t r ibuL i r :n  ts f
proLrr;s ar.rct  t ,argef part  i  c les after tkrei  r :  co l  I  i  s i  r ;ns .

H a v e  a  f r i e n d  d i : ; t ; r i b r - r t e  L a r E e L r :  i n  a  " b l a c k  b o x ,  "  t h e
ins- ic les  o f  v , 'h lc t r  you  ( :an ' f  see  bu t  i r r to  wh ich  you can shoot
probe rnarb les ; .  ' f r y  bo  s ie te rnr ine  1 ;he  conLents  and
r i i . : ; t . r i t r r r t . i r r r r  o f  t ,a rgeLs  i r r  the  b . lack  t rox  by  the  t ra jec to r ies
o f  t h e  p r o b e  p a r t i c l e s .



/ . I i e s r l n a n c e :

l i e lea : ;e  t ,he  damper .  on  a  p iano.  S tanc l  r lear
a r r d  s o u n d i n p f  h o a r d  a n r l  s h r : u i ;  a  v o w e l  ( e . g .  ' , o h , ,
s i . r i n g s  t . '  t ; r y  t o  d e t e r r n i n e  w k r i c h  a r e  v i b r a t i r r E { ,
r e s t .

t he  s t r i ngs
) .  SLudy  the
wh ich  a re  a t

l l h o u t  a n o t h e r  v o w e l  (  e .  g .  "  i  "  )  ,  a n d  a n a l y z e  t h e  s t , r i  n g s .
How dr :es  Lhrz  pa tLern  o f  s ; l - r ing  v ib ra t i r :n  compare  w i th  the
p a t , 1 , e r n  o f ' t L r e  j n i t j a l  v o w e l ?

B. Re: ;onan r :e :

Have a  f  r iend  p la r :e . '  s ; r - ' verA l  c l i f fe ; ren t  t ; r rn i r rg  f  o rks  in  a'  b i a c k  h o x ,  "  1 , h e  i n s i d e s  t s f  w h i , : h  y o r l  c a n . ' t  s e e ,  o r  b e h i _ n d  a
L r a r ' r i e r .  s t r i k e  t h e  t u n i n g  f o r k - ^  f r o m  a  s e c o n  s e t  t o
r le t r : r rn ine  wkr lch  f  o rks ;  a re  p resent  in  the  "  b la r :k  box .  "  whaL
dcr  you exp. ' r : r : l ;  w j  I  I  r )c : i - r j r  i f  yo i . r  s ; t ; r i ke  a  "p r6be"  fo rk  o f  the
same f requer : r :y  a r , :  one in  the  box?

(l F i l . r i n g s :

A numtrer  ' f  fa r : t ;e r rs  a f fecb  the  behav io r  o f  the
h y p r ; L h e t i " r : a l  s t r i n E l s  o f  p a r t i c r e  p h y s ; i c i . s t s ,  i r n a g i n a t i o n s .
O r r e  f a r : t ; o r  i s  t e n s i o n .

i)et ;ernr ine- '  how t ,errsir : rr  erf fects the furrr lamental  f requency
o f  a  s t r i n €  b r y  s t r e L c h i - n g  a  s p r i n g  ( s r r c h  a s  a  s l i n k y )  f r r : m  a
f  i xe , :d  po in t ,  o r  w i t l r  the  he lp  o f  a  f r iend .  cor , rn t  t ,he
f u n r l a m e r r t a l  t ' r e q u e n c y  v r i b h  t h e  s p r i n g  h e l r l  r e l a L i v e l y
l o o s e l v .  ( l \ f  t h e  f u n d a m e n t a r  f r e q u e n c y  t L r e r e  i s  a  h a l f - w a v e
bel;vreen y'()rrr  hand ancl the f  ixed pr: int  at  anlr  t ime, and Lyte
ha l t ' -  wa\ re  osc i  I  la tes ;  up  anr i  dowrr .  )



N r ; w  s t r e L c h  1 ; h e  s p r i n g  ( i n c r e a s e  t h e  t e n s i o n  o n  L h e
: ipr i  rrg )  .  Whaf Lrapperrs 1,o the f  undamental  f  recuency?

Yr : r r  rn igh t  a ls r :  exper i rnent  w i th  spr ings  o f  r i i f fe ren t
n r f l s s e i i ,  a . S .  a  m e t a l  s i i n k y  a r r d  a  l i g h t e r :  p - l - a s t ; i c  s l i n k y .
l low does  rnar ;s  a f fecL  t -he  fundarnenta l  l re r { r rency  i f  the  spr ings
are  he Ic l  a t ;  t ;L re  same tens ion ' j '


