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PREFACE 

In April of 1955 tho Radiation Laboratory of the University of 
California astit oul lo 18 high schools in  tho Bay Area le t te rs  which said,  in 
par l ,  "Tho sbjoet sf thie program i s  to  hclp science teachers  achieve ,some , , 

p w t O e a 1  knowlaclge and a x p ~ r i a n e e  i n  nuclcar science by working with some 
of our baeie resloarch groupe in p h y ~ i c e  and chemistry.  In thisdway we belieye 
that we can a e e i a l  111ses tcachcrs in the i r  efforts to  make their  students m o r e  
Ekwars of the naLuro of atomic  energy and help to  p repare  them for the impact 
sf a l s m f s  enorgy in tlroir tuturo,  I t  

' I  

TI10 rablponse wae ~ n t h u ~ i a ~ t i c  and 14 high echo01 t eachers  were 
fselect@cl for the program. Thcee teahhers  were  assigned t o  various e x p e r i -  
tnontal groups (st tho Laboratory in P h y a i c ~ ,  Chemis t ry ,  and,Biochemietry . z t  

rn the rola sf junior ~ e i c n t i e t e  to  do  whatever work was necessary ,  with that , 

BPeuY > .  a 

A eoriae sf lceturau by sonior staff members  of the Laboratory was , , . ' 
itrrangad for 'I'uoetlny and l'trureday mornings.  It w a s  intended that each 
toneher ~i~lisuld write up onc or more  of these talks and the whole,should be 
wada evailnbls to a l l .  Editorial  difficulties prevented completion of this  
pttnea of t t r ~  p rogram.  

In gc\t\c?rtrl it wnH folt that the program was most  worth while an  
.#ucc,e$#ful. So ~tluch R Q ,  that it was rcpeatud on a nearly doubled sca le  
1956, l'lro undoreigncd wiia asked to  attend the lectures and wri te  a s e r  
trstas on thorn. 

the opoakor. Tho 

Each talk i s  an entity in itself s o  that there  i s  s 
aonw virrinnca in view point. 

Tire f irst  speaker  (Dr. Roger W.  Wa 
~ x t m e i v a  notes, and ttrcac have eimply,bcen i 







i,h 
'- , 
3 . , 

his experiment8 with the passage of electr ici ty through solutions: 

& , ca r r i ed  b y  th i r  ' - cu r ren t  th rou ih  the eolutien,. 

(B) . The weight of various element6 deposited by the same  ekrrge 
onal t o  the chemical equivalent of these  slomente. 

7 - 
Faraday found that 96,000 ampere8 flowing for s n s  ~t lcend  would 

t i a  ' deposit one chemical  g r a m  equivalent o r  mole sf a monovalent element, Prom 
: > 

,.+~ , th is  number and the charge of one electron,  which was measured many yeero 
la ter  by Millikan, one can calculate t_h_e number of ateme i n  one mole of an 

of molecules. All of the i r e c e d i n g  information, plug a groat  dcrol-of ek@mtcal 
data (with the exception of the more recently m e a s u r d  ~ v e g e d r d s  number),  

, was available t o  Mendelgeff in 1869 when he euggeeted that the ehamicirl 
GI _ elements could best  be understood if a r ranged in a Periodic Table. He was -- - 

drawn t o  this conclusion by the following facte: 

dl;omic weignr s.  

.(B) .xSimilar  elements ei ther  have approximately the eame weight or 
ular ly increasing weight 8. 

(C) The order  of the atomic weighte is a l s o  the o rde r  of the cl lsrnt@d 

(D) The*common elements have smal l  atomic weighte and r b r p l y  
defined chemical  propert ies .  

, ' 

1 
.(E) ,The magnitudes of the atomic weights de termine  the ehomisal 

? character is t ics  of the elements.  
2" . 

' 
then unknown--all of which have since ei ther  been found in nature oil been 
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By passing the cathode r ays  through a region in which tirere wac an 
- 1 1 .  

i t '  ' 
e l ec t r i ca l  f ie ld pulling the cathode r a y s  enc way whieh was  oxaelly balanclsd 

I .  , by a magnetic field pulling'them in the othcr  direct ion,  ha w a s  wbla ts 
, .  m e a s u r e  the i r  velocity. The  electrical fo rce  eE = Huv, tho magnetie f o r c e ,  

wliere e i s  the charge  on an  electron,  E is thc e l s c t r s ~ t a t i c  field,  H is th@ 0 
. 3 

magnetic  f ie ld,  and v i s  the velocity of the e lec t ron .  T h s r e f e r a ,  Ihs valseily 
e a a l  E ~ / H ; '  arid he found this  velocity was typically about 10% sf the w l e c i t y  
of light. When he turned  off the magnetic field and uesd  only tlm el@ctrlctil 
field he was able  t o  m e a s u r e  the r'atio sf charge  t o  maeo for  t h ~  eatheria Paye, 
e/m, which turned  out to be  1800 t i m e s  as  large a8  the cha rge - to -mre8  r e l i e  
of a hydrogen a tom,  The charge  of the e lec t ron  wae not known at  the tima 
that Thomson per formed his exper iment .  F r o m  thie exper iment  Thern@en 
concluded that the a toms  of the cathode w e r e  emitting e l s e t r e n e ,  whieh ware 
apparent ly  much lighter i n  weight than a hydrogen atom and whieh were prebabiy 
the agent responsible  for  the conduction of e lec t r ic i ty ,  

THE EMISSION AND ABSORPTION OF ELECTROMAGNETIC WABIATLON 

BLACKBODY - RADIATION 
' 

: <  ' 
In the la t te r  pa r t  of the 19th century  and the e a r l y  pa r t  of the 28th 

/', ' 
L? 

century  the re  was  much in te res t  in  what ie  called by physieiete Blaekbod 
r .  ! 

* , <  , '  
Radiation. Any body that  is not a t  the s a m e  t empera tu re  a 8  i t s  surrsun  ngc 

> /Il 
C I 

-+ 
tends t o  come t o  the t empera tu re  of i t s  surrounding8 by moan8 sf ene rgy  

.. : t r ans fe r  between it and i t s  surroundings , ' rh is  ctlcrgy t r a n s f e r  takorr plaeo 
e i ther  by conduction, convection, or  radiation. In tlrc abscncs  of air rndiatien 
i s  the only means  avai lable .  Eve ry  body abovc thc absoluts z e r o  of temperature 
i s  continuously receiving and emit t ing cleclromagnctic:  radiat ion,  pr incipal ly  
in the inf ra red  region of the e lec t  romagnclic, spcctrunl .  In o r d e r  to  produe@ 
a region which i s  a l l  a t  the s a m e  t empera iu re  and oae i ly  come6 into aqulltbrittrn 
it i s  conventional t o  use a closed box with a s m a l l  holc in i t .  Thie  holu 1~ 
sa id  to  r ep re sen t  a blackbody, s ince this  hole a p p e a r s  to  be eomplotely black 
i f  the box is viewed f rom the outside when the box i s  at norma l  t ampura tu ree .  

i c If the box i s  heated it will eventually begin t o  emi t  visible light f r o m  € 1 ~  hole, 
- .  which wil l  become success ive ly  r e d ,  o range ,  and eventually white a s  the 

t empera tu re  i n c r e a s e s .  The  spec t r a l  descr ipt ion of tho light omit ted f r o m  
Ihe hole i s  de te rmined  by the t empera tu re  of the inner wal ls  sf the box, T h i s  
radiat ion i s  said t o  be  the equi l ibr ium radiation emit ted by a body at the 

, , t e m p e r a t u r e  of the walls .  

. * The spec t r a l  dis t r ibut ion of this  light (shown below) was  difficult t o  
explain theoret ical ly  until P lanck  in  190 1 suggested that e lectromagnet  is 

L ,  

>:% radiat ion must  be emi t ted  in d i s c r e t e  quanta r a the r  than continuouely ae  had 
f o r m e r l y  been expected. When Planck a s sumed  that t he  ene rgy  of each  

B . quantum o r  photon of e lectromagnet ic  radiat ion was proport ional  t o  its 
7 .  r 

ar " 
-3- 
<< ';. ; frequency.by thejrelat ion E = hv he ,was  ab le  t o  completely explain the ob- 
r +. . .servedi spe,ctrum: coming f r o m  .the above -descr ibed  hole t in  a box o r  blackbody, 

a 2 
w . This  d iscovery  was the beginning of the Quantum Theory ,  which l a t e r  

developed into Quantum Mechanics.  
b 

1 .  
. . - * , . 

1 - .  . ' I ,  I . , I  l ' ,  r c .  T L  





ich clearly demonstrate that light i~ a wave motion undergoing 
efraction, -scattering, interferenec, and such wovoliks bakevier. 

i l iar'with the behavior of'sound waves,  .but our detailed axperisnee with  
ht wave,s is .actual ly  quite limited since we never direct ly  obs@rve (ham 

irig along a s  we do water waves,  but only eeo their result r r  they 

Type of radiation 

-radio waves 

and can be thought of ar 



RUTHERFORD' S ATOM 

Earlmr works nuch a s  T h o t ~ ~ s o n ' ~  hiid shown that a toms  were  com-  
pe$@d sf plue ant1 tn i t lu~  c h ~ r g ~ ~ ,  buL the configurations a s sumed  b y  these  
churg6t~ within the atom wore not kn'own. It was known that the neeativc I 

2 s  . - 
i I  , (  

U O I U I S U % ( ) ~ ~  ,? >r 

+- 

- 6 )  
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will be ehakan looae and w i l l  appear ae e lec t romagnet ic  radiat ion.  This  can  
bs thought sf ar going on in the f i lament  of ,a light bulb, where  the  e lec t ron6  
ate ~ b k e n  by tho thermal agitation arising f r o m  the heating of the filamerlt, 
or in a radio antanna, where the e lec t ron8  a r e  forced  t o  move baok.and fo r th  
a h &  bka antanna by the veltagon i m p r e s s e d  on the antennalby the t r a n s m i t t o r .  

I 

. I '  

ATOMIC STRUC'f URE 
e 

pn i r el bcarn - 
dofinitrg 8 l i t8  

a 
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It was,known that  each  e lement  used a s  a  s o u r c e  of light produced i t s  I; 

own c h a r a c t e r i s t i c  s p e o t r a l  pat tern.  In o r d e r  to  e ~ p l a i n ~ t h c s e  complicated ,, 
pattcrne Bohr ,  suggested in that :  ,I I ( I  

. , . - , 6 % ,' 

(A) The e l ec t rons ,  which a r e  outside the nucleus,  a r e  ciroulat ingd-  
around i t  in  s tab le  c i r c u l a r  o rb i t s  much in the fashion of the planets  c irculat ing 
a round the sun.  , 

' ' .  

(B) The  angular  momentum of a n  e lec t ron  in such  an  orb i t  can  only 
have c e r t a i n  d i s c r e t e  values equal  t o  nA, .where ti = h the Planck  constant/2vf 
and n is a n  in t ege r ,  1 ,  2 ,  3 ,  . . . . , The angular  momentum of a n  e l ec t ron  
i n  a n  orb i t  is equal. t o  the l inear  momentum of the electqon ( i t s  m a s s  t i m e s .  
its veloci ty) '  mhltiplied b y  the r ad ius  of the orb i t .  Th i s  req l i i reken ' t , i s  e x -  ' ,I 

prcseed  a s  

nh 
m v r  = L v .  

T h i s  "quantization" of angular  momentum actual ly  gives e a c h  e lec t ron  a n  
oncrgy  that i s  c h a r a c t e r i s t i c  of i t s  o rb i t ,  and  the par t icu lar  orbi t  occupied by  
an c l ec t ron  i s  dctcrrnined by i t s  p r inc ipa l  quantum number  "n. " 

(C) The s p e c t r a l  Lines observed  in  the light emi t ted  by an exci ted 
e lcmont  a r e  a r e s u l t  of the fact  that light i s  emi t ted  o r  absorbed  a s  an  e l ec t ron  
makes a d i s c r e t e  jump f r o m  one of ' thesd orb i t s  t o  another ,  -and e m i t s  o r  

,, 

a b s o r b s  a  definite amount of energy  which i s  the difference in the ene rgy  of 
the c l ec t ron  in  each  orbi t .  

The Bohr hypothesis i s  difficult to  acccpt  because  the f i r s t  postulate 
r e q u i r e s  that a n  c l ec t ron  t r a v e l  in a  c i r cu l a r  orbi t  without losing energy ,  
which is  inconsis tent  with "c lass ica l  elr ,ctrodynamice" which r e q u i r e s ,  a s  we 
have mentioned e a r l i e r ,  that an  acce l e ra t ed  charge  e rn i t , e lec t romagnet ic  
radiat ion.  An e l ec t ron  t rave l ing  in a c i A l e  i s  being continuously acce l e ra t ed  
toward the c e n t e r ,  and  yet obviously docs not continue t o  lose ene rgy  by  
emit t ing rad ia t ion ,  This  i s  another  example nf w h e r e  physical  intuition fa i l s  
in the  understanding of a quantum mechanica l  effect.  

The  auant izat ion of angular  tnome'ntum rep resen ted  b v  the above " 
equation can  b'e viewed in another  w a y ,  as  s u g g e s t i d  by  de  ~ r o ~ l i e  in 1925, - .  
if we cons ider  that a  moving par t ic le  has assoc ia ted  with it a  wave length ~, 

equal t o  h/mv,  where  h i s  thc  P lanck  constant  and m v  i s  the l inear  momentum " ' -, 

of the  par ' t icle.  This suggest ion i s  a counterpar t  of the par t ic le -wave  dua l  
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Chapter 1 
>.::,.. . - 
; r 

,. , . ;  , % -' . The maximum 'energy that can be radiated i s  13.5 electron volts when an , 

I _ electron fal ls  f rom a n  outermost orbit  where n i s  a large number down t o  tho 
I' I 

L . .''ground state" where n i s  one. The relation hv = wl - w2 gives the frequency 
. .  . .of ;the emitted radiation. The energy of any radiation f rom a hydrogen atom 

- , . is  given by th'e o 

,' .,, . , '  I . , - , . ,: 
> '  ;. 

5 ,)' . ',!".. 6 , .c r -. * - < ,< \ ' 
1 .  ' t  ' ,,% , , ', 

,y( -1 ,~ - 
>, .< . 
' 4 c 
; -  . < .  ,+: 

2 .  

: One atom can b a k e  i n l y  one jump or  t ransi t ion at a,'time.  h he many 
J ,- different spect ra l  lines obserGed a r e  the resul t s  of many a toms making a , 

8 .  
I' . . - great  variety of jumps in a short  t ime.  An atom can,  in addition t o  emitting 

> *- 
radiation in a spect ra l  line, a l s o  absorb  radiation in a spect ra l  line. That i n ,  
i f  a continuous spectrum of light passes  through a gas the a toms in the gas 

r: - 7  , absorb light, leaving breaks  in the continuous spectrum at exactly the wave 
, . lengths where the a toms would emit  light if they were excited. 

The letter n in the above considerations i s  called the principal 
quantum number,  and each of the integer values that i t  can assume  ( 1 ,  2 ,  3 , .  . . )  
defines a possible c i rcular  orbit for an electron in a hydrogenlike atom. 

This picture served to  explain the most important fea tures  of the 
hydrogen spectrum, but,did not explain many of the fine detai ls  of this and 
other spectra.  In order  to  make an adequate explanation of the observed 
complexity of the spectrum it i s  necessary  to introduce three  other quantum 
numbers.  The quantum number I ,  w h ~ c h  can take on the values 0, 1, 2 ,  . . . 
(n-1), i s  called the orbital angular momentum quantum number,  and i s  
associated with a family of elliptical orbits a l l  of which have the Aame energy 
a s  a part icular  c i rcular  orbit defined by n. ,When P = 0,  the orbit i s  

. . c i rcu la r ;  when I  = 1, it  has a slight eccentr ici ty,  ankl'when I = 2tthe 
. ~ eccentr ici ty i s  l a rge r ;  etc. Another quantum number that must  be introduced 
I *  j. 

i s  s ,  the spin of an electron;  s can take on the values i 1/2. Each electron 

, ~ 

can be thought of a s  having i t s  own angular mom'entum due t o  i t s  spin on i t s  
own axis ,  in much the s a m e  manner a s  the ea r th ,  :which' spins on. i t s  axis  

y, , and a t  the same  t ime t ravels - in  i t s  orbit.- Another'quantum nuinber, m, 
5 f 

$;,:-";, . called-the magnetic quantum number,  can take on a l l  the integer values 
I?,, ,,* !-:,h * , 

< i h  ' 
1, _ , between + I  an'd - I .  
c , : . ~ ~ ~ ' -  I .  r ,  

~y3J$ a < 
b = -,, , I  

- ,  I - - ..= ~ h e s k  four quantum numbers,  n, I , '  s ,  and m ,  b i  assuming values, I .. 
;, ,:; ', ! consistent with the selection ru les  mentioned (such a s  that s,is allowed t o  

' 

;$;,,J ;; ?,- be only + 1/2 o r  -. 1 , determine the orbi ts  that a r e  possible for  an  e lec t ron 3x:..> . i.. - , , -  
.lr. + t o  take around a nut%.  or example, when n 1 1, 1  and m "will both be  0,  

- *A<; ,  ;: 2, . 
-,*, : -L v but s can be + 1/2 o r  - 1/2. This means  that two e lec t rons  can circulate 
.cL3::* :* - + 

3 -  <. : : < -  ,around a nucleus in  an orbi t  where n = 1 , ' a s  defined by the equation,for the . - 
y$L-.c,. ? ) , -  riulius.Above.' One of these e lec t rons  w i l l  have i t s  spin pointed up and the  o ther  , . ?  . .  
,,<,* . t ar : ,<  ' * d  

4 : - - . I .  : - i t s  spin pointing down. -&t it$-not po-ssible for any other e lec t rons  t o  c i rcula te  . ' !:.+e , ; 73.-, , . - ,  
.+JJ"c;.:. - 
,A. > ~ -  - , , .  
" ,: 1' ;' . 5 , .  

/ I I '1 
?,< -:- - 7 b , - 
r -  . . ~ 

z '  ,P,, . " * I .  ;; 9 , ' ,  
t I .- l 1 .> I .  , -  
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t hey  w e r e h o t ,  then  the i r  d i f fe rence  wbuld define.an absolu te  veloci ty .  T h e  
second law i s  b e l i e v e d  t o  b e  a n  c x p e r i m c n t a l  fact b a s e d  on the  Michelson  and 
M o r l e y  e x p e r i m e n t  and  on . a s t r o n o m i c a l  obser .vat ions.  T h e  second law, 
p laus ib le  as  i t  m a y  see'm, '  r u n s  g r o s s l y  c o n t r a r y  t o  our  intuition. C,onsider ,  
f o r  e x a m p l e ,  a  light pulse,  s t a r t i n g  f r o m  a point P, and  cons ide r  t h i s  e v e n t ,  
as  r e c o r d e d  by o b s e r v e r s  s ta t ioned  in two f r h m e s ,  one f r a m e  containing P 
a t  t hc  o r ig in ,  while  the o ther  f r a m e  moves  r e l a t i ye  to P with a veloci ty  ?. 
Let the o r i g i n s  of the two f r a m e s  coincide a t  the  s t a r t  of the  pu l se ,  . According  
t o  the s t a t e m e n t  above ,  both o b s e r v e r s  m u s t  s e e  the light wave propagat ing  
a s  a  s p h e r i c a l  wave c e n t e r e d  a t  t he i r  r e spec t ive  or ig ins!  If we cons ide r  lhe 
posi t ion of t he  wavefront  t o  be a n  event  pe rmi t t i ng  desc r ip t ion  independent ly 
in  s p a c e  and  in t i m e ,  then  th i s  s t a t e m e n t  cannot be  t r u e .  T h e  independence 
sf the ve loc i ty  of light of the  p a r t i c u l a r  f r a m e  t h e r e f o r e  r e q u i r e s  a r e v i s i o n  
of the  a c c u s t o m e d  i d e a s  of the poss ib i l i ty  of specifying the  posi t ion coord ina t e s  
of a n  event  r e f e r r e d  t o  a p a r t i c u l a r  f r a m e ;  i t  r e q u i r e s  specifying the  t i m e  of 
t h e  event  h y  a "universa l"  t i m e  s c a l e .  T h e  above paradox would.not e x i s t  if 
t h e r e  w e r e  no  s u c h  u n i v e r s a l  t i m e  s c a l e ,  and  if the s imu l t ane i ty  of the wave -  
f r o n t  p a s  s ing  th rough  two points  w e r e  a n  obse rva t ion  tha t  was  not independent ,  
of the  f r a m e  of t he  o b s e r v e r .  If s u c h  a d i s a g r e e m e n t  a s  t o  the s imu l t ane i ty  
of t i m e  of p a s s a g e  th rough  a  s e t  of points  w e r e  p e r m i t t e d , t o  e x i s t ,  then  , 

p r e s u m a b l y  a  k inema t i c s  could b e  cons t ruc t ed  in  which a s p h e r i c a l  light wave 
would b e  s e e n  in  both f r a m e s  of r e f e r e n c e .  

T h c r a f o r c ,  we a r c  led t o  r e - e x a m i n e  the  concept  of s imu l t ane i ty .  If 
w c  m u s t  abandon thc  ex i s t ence  of a  u n i v e r s a l  t i m e  a8 not co r r e spond ing  t o  
roa l i t y ,  then  we m u s t  e s t a b l i s h  a m e c h a n i s m  whereby  s imu l t ane i ty  can  be 
e s t ab l i shed  in a given f r a m e .  Th i s  m e c h a n i s m  m u s t  be s u c h  that a m e a s u r e -  
ment  of t he  ve loc i ty  of light in  the  pa r t i cu l a r  f r a m e  using i t s  t i m e  and  d i s t ance  
s c a l e  m u s t  give c .  T h i s  m e a n s  that the only way in which s imul tane i ty  can  
be  defined is by  m e a n s  of the veloci ty  of Light i t s e l f ,  T h i s  conclus ion  g ives  
c  a  m u c h  m o r e  fundamenta l  s ignif icance than  just  the veloci ty  of propagat ion  - 
of e l e c t r o m a g n e t i c  w a v e s ;  it i n t roduces  c into a l l  the  r e l a t i ons  of phys i c s .  
Among o the r  t h ings ,  the ut i l izat ion of c a s  the defining e l emen t  of,  e imul tane i ty  
p r e c l u d e s  the  ex i s t ence  of ' the "ideal r ig id  body" of m e c h a n i c s ;  if t h e r e  w e r e  
s u c h  a  body,  i t s  ends  would move  s imul taneous ly  a s  obse rved  by  a n y  f r a m e  
and i t  would t h e r e f o r e  b e  u s e d  a s  a rneans  of es tab l i sh ing  a "un ive r sa l  t i m e , "  
in violat ion of ou r  f o r m e r  conclus ions .  

We t h e r e f o r e  cons ide r  two in s t an t s  of t ime  t l  and  t2 obse rved  a t  two 
' 

points  x l  and  x2 in a  p a r t i c u l a r  f r a m e  a s  s imul taneous  if 

(a) a light wave e m i t t e d  a t  the geomet r i ca l ly  m e a s u r e d  midpoint  , i 

'd 
' b e tween  x l  a n d  x 2 ' a r r i v e s . a t  the  t i m e  t i  a t  x i  , andca t  the t i m e  t2 at-s2,  o r  if , r ,  . .j- = 

i * , - .  
(b)  a light wave emi t t ed  a t  x l  a t  the t i m e  t l  a r r i v e s  a t  x2, a t  a  t i m e  +: ,: 

X ~ - X 1  - 
t l  + 

- t 2  . 
c 

<, > c 

T h e  f i r s t  def ini t ion of s imu l t ane i ty  k i l l  au toma t i ca l ly  a s s u r e  tha t  d .  
light pu l se  e m i t t e d  a t  t he  o r ig in  wil l  realch a l l  equid is tan t  points  s imu l t aneous ly  ._ 
a n d  tha t  the  wave s u r f a c e  is t h e r e f o r e  a,sphe.re in  a p 

S i m u l t a n e i t y  of two,  e-ents a t  two spa t i a l l y  s e p a r a t e d  p 
n o t h a y e - a  significanceinde~endent:of,the f r a m e .  The 
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It i s  a s s u m e d  explici ty that the p roper t i e s  of a  given body of specif ied s t r u c t u r e  
a r e  independent of i t s  pas t*h i s to ry  when observed in a  f r a m e  where  that body 
ie  a t  r e s t  (cal led the "proper t1  f r ame*) ,  i t  i s  the re fo re  not e s sen t i a l  whether 
the adjus tment  of lengths r e f e r r e d  t o  is possible o r  not; i t  could for  ins tance  
hc specif ied that the length of each  rod should be  a given number of wave lengths 
of a  specif ied s p e c t r a l  line m e a s u r e d  in  each  f r a m e ,  

Let the two s y s t e m s  approach each  other  s o  that the midpoints M 
and MI coincide.  Let Light s ignals  be sent  f r o m  0 and P a t  the t ime  when 0 
and P coincide with t h e  y' a x i s .  Since OM1 r e m a i n s  equal t o  P M '  during the 
motion, 0 and P will  appear  to  c r o s s  the y '  a x i s  s imultaneously in both s y ~ t e m s .  
W e  the re fo re  conclude that along a d i rec t ion  perpendicular  to  the  d i rec t ion  
of re la t ive  tnotion simultaneity will be the s a m e  in both s y s t e m s ,  Both o b s e r v e r s  
can t h e r e f o r e  compare  the positions of the end m a r k e r s  a t  t ime  of c r o s s - o v e r  
and a r r i v e  a t  the same resul t ,  s ince  the t ime  of observat ion  for  both ends  is 
defined identical ly in both s y s t e m s ,  Hence both o b s e r v e r s  would conclude 
c i thc r  OP >, O ' P ' ,  o r  O ' P '  > ,OF;  s ince  both s y s t e m s  a r e  fully equivalent as - + 

to the i r  s t a t e  of motion, a n  a s y m m e t r i c  solution would provide a means  of r p 
determining absolute velocity, which is ru led  out by the pos tu la tes ,  We t h e r e -  . , ;.+ 

fore put , I 

ir 

, 5 %  

' , . ~  
#, 

2 , ~ 
, .  > b * >  

Y ' " y  ' . ' ' (1) > 7 ,  

, , I '  
, /  _ 
; ':> . , 

. 7  and, sirrlilarly, l 5 - 
z l  , A .  (2 )  

Exper iment  I I  - Compar ison of Clock Rates  

In compar ing clock r a t e s  among moving s y s t e m s ,  we a r e  faced with 
a fundamental  difficulty: it is impossible to  compare  one clock in Z with one - - 
clock in Z 1 ,  s ince  they will  not s tay  in coincidence;  we mus t  c o m p a r e  two 
clocks in C with one cloc2k in C' and s,ynchronize the two clocks in C b y g h t  
s ignals .  C o n s i d e y t h a t  in C' a t  the clock position a light s ignal  is emi t ted  
nortnal  t o  it and ref lec ted  a t  a m i r r o r  nprrnal to  the z', a x i s  a t  a d is tance  .: 2 . 
z '  f r o m  the clock and r&turned  t o  the clock,  a s  seen  be~low: , . '  ?, 

I ,  
I ,.+ 

m i r r o r  _ % '  - * 

(-27~'v 2 '  2' , ,  * 

, . ~f A' 

, ,: , > '  :: , . 
1 / . 1  

, 
%. 

r :  : , 

: a 1 . C ~  > ,  ? ,  ! * , '  , 

A , o  
..-clock 
and light  sour^^^. ~ . , r , >  !. 5 , , I . .  \ 

I . ' <* ~ . -  
L .  

. . I f - 
_ L L '  
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. + The  lengtht;of a < r o d  when meas 
i $  c a ~ i e d  i t s  "proper lengih. '!" 
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kinetic  e n e r g y  as the to ta l  cnc rgy  l e s s  the r e s t  energy.  Fo'r a slow par t ic le ,  . ., p 4< 1, the kinetic cnc rgy  b'y our definition becomes  the  c l a s s i c a l  t 

1 2 
'i . 
- 1  

MV , 

H ~ ~ w Q v c ~ ,  if the  pa r t i c l e  is not slow a ae r ious  e r r o r  r e s u l t s  i f  one u s e s  'the 
clrreeical express ion  fo r  kinetic encrgy.  One may  decide t o  cons ider  a 

~ 

p a r t i c k  aa relativistic when th is  e r r o r  exceeds  an  a r b i t r a r i l y  chosen l imit .  
A8 a n  oxamplo,  for  a par t ic le  with the velocity 1/10 the  velocity of light, 
the! t o t a l  enorgy i s  about 0.5'$0 g r e a t e r  than the r e s t  energy.  This  i n c r e a s e  
i u  the kinetic  e n e r g y  of the  pa r t i c l e ,  As the  velocity i n c r e a s e s  the ene rgy  
i n e r s a r o e ,  and as the  velocity n c a r s  the velocity of light the to ta l  ene rgy  
i n c r e a m $  without bound, F o r  a pa r t i c l e  with the velocity of light i t s  to ta l  - 
anorgy would b e  infinite,  thus we conclude th is  velocity, is not at tainable by I_. 
p a r t i e l e r .  In high-energy a c c e l e r a t o r s  the ene rgy  of the pa r t i c l e s  may  , I 

i n c r e a s o  higher and higher ,  but the velocity only approaches  the speed of 1 1  - I  

light, _ i.l~ 
I I 
, . 

The l inear  momentum of a particle '  i s  defined a s  . . I  
I 

1 I 

" ' M v ~ ,  . , , . I ,  = M v / 7 7  1 / t ,I . .  7. . : + '3 - r 

and tr ueoful re la t ion  between the momentum, r e s t  energy,  and to ta l  ene rgy  
1 

i a , :- 

2 4  2 2  E ~ = M  c t p  c .  

- 24  The s imples t  nuclei have m a s s e s  of about 10 g r a m .  An atomic 
tnses urrit--a useful unit of the m a s s e s  of nuclei and a t o m s -  - i s  defined a s  
1/16 tlrc m a s 8  of that isotope of oxygen having 16 nucleons.  By th is  choice,  

I .  

1 nmu = 1.6599 x g r a m ,  the m a s s e s  of a l l  other* a t o m s  a r e  ve ry  c lose  
to in tege r s  when e x p r e s s e d  in atomic mass0  units.  In ene rgy  units 1 amu = 
931 M c v .  '1'11~ a tomic  t n a s s e s  a r e  de termined by compar ison in m a s s  
spec t rographs ,  by dividing the to ta l  m a s s  of a sample  of a substance by the  - ,  

number  of a t o m s  in i t ;  a l s o  by other  means .  A relat ion between the m a s s  
of a aubetancc and the number of a toms  in it i s  given by Avogadro 's  number 

5 
whose n u m e r i c a l  value i s  the  r ec ip roca l  of the  a tomic  m a s s  unit.  

, r 

Measurements of thc s i z e s  of the a tom and of the i u c l e u s  have been '1 
mnda. The a tomic  s i z e  may  be learned by x - r a y  e ~ a ~ m i n a t i o n  of c r y s t a l s ,  
and nuclear  s izes  b y  sca t t e r ing  high-energy neutrons olf the nucFeu's o r  by  
.studying thc  theory  of a l ~ ~ ~ d e c a y .  Atoms ha& a r a d i u s o f  about c m  
a n d ' t h c i r n u c l e i a b o u t  10 c m .  A n i n t e r e s t i n g a n d r e v e a l i n g r e l a t i o h  . . 
bstween the  r ad ius  of a nucleus and the  number 'of  nucl'eons making up the 
nuclcue is . .  

T ,, :, - > ? I '  I 



undergo a nuc lear  r eac t ion  m u s t  be examined  

An a tom cons i s t s  of a nucleus and a s y s t e m  of negat ive electrons 
about i t .  The  a tom i s  n e u t r a l  when the number  of e l e c t r o n s  i s  equal  t o  thc  

c c number  of positive' c h a r g e s  in the nuc leus .  An ionized a tom i s  one f r o m  
which one,or  m o r e  e l ec t rons  have been  r emoved ,  and i s  thus  no longer  neu t r a l .  
The  chemica l  p r o p e r t i e s  of the  a tom a r e  de t e rmined  by  the e l e c t r o n s  s u r -  

, <  rounding the n ~ c l e ~ u s .  T h e  positive cha rge  on the nucleus i s  fo rmed  b y  the 
. d protons  contained in  i t .  T h e  other  const i tuent  i s  the neut rons .  The   proton^ 

and neut rons  a r e  both ca l led  nucleons,  and the i r  to ta l  number  i s  ca l led  the  

3 - m a s s  number  and  i ~ ~ d e s i g n a t e d  b y  A. The  number  of pro tons  - - equa l  t o  the 
1 

I , . _  _ number  of e lectrons,- ; is  ca l led  the a tomic  n'umber,  and i.s des igna ted  by  Z .  
t 
- 1 . 
'.-lL> 

The  d i f fe rqnce ,  A - 2,- equals  t>he number  of n,eutrons and is ca l led  n .: A - Z .  
, I  < \  

.< - . 
r . 
,!' ,. 

A ~ :  . . By the definition of the a tomic  m a s s  unit ,  the a c t u a l  m a s s  of t he  
r 
+ .  I 

nucleus is v e r y  c lose  t o  the  n u m e r i c a l  value of A when the  m a s s  i s  e x p r e s s e d  
, - i in  m a s s  uni t s .  One f inds A by rounding the a tomic  m a s s  t o  the  n e a r e s t  
::.vL9 +>, 
- , ,  . -- , i n t ege r .  ? F o r  e x a m p l e , ,  t h e - m a s s  of,Al i s  !26,9899 a m u ,  ,whereas  rounded 
f 2'' z., - r p  

, ?+,>,\,$>::.s,-r,- cJ- ... value ' iaL27.  ~liisisthenui?per~bfnucleonsinthealuminum'nucleu~. W e  
~p:*; : , ; may, ,.J, note t h i s  by w r i t i n g ~ A l  , We know tha t  a luminum h a s  13 e l e c t r o n s  &*; + -,?r 2 

>.<,", ..,,,-'- .< r 

. I  

&- # :, . " ,, p,,, .'w? >, > 
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about it, e o  that  the  number  of protons ,  Z ,  i s  13, and thus 27  - 13 = 14 1. 

neutrons  are a180 in the  nucleus.  We m a y  denote th is  bf 13~!27, , bu t  we 
rhould sbrervs that  the 13 and the chemica l  name aluminum both mean  the  
e a m e ,  T h o  wc m a y  not wish t o  wr i t e  both. I 

Any nucleue i s  completely identified by specifying i t s  A and 2. Its 
p r e p o r t i e r ,  however, mus t  be learned b y  observation.  Some muclei (A, Z )  
are r t ab le  and found in na tu re ,  while o t h e r s  a r e  radioact ive ,  ,with var ious  

0 t ype r  of radiat ion.  A radioact ive nucleus is on'e that  charige's f r o m  one 
r t a t e  to another  epontaneously. F o r  a n  in i t ia l  collection of a toms  with a 
pa r t i cu la r  nucleue i te  half life i s  the  t ime  requ i red  f o r  half of the  nuclei  
to have changed etate.  This t ime  m a y  b e  s m a l l  o r  la rge:  If i t  i s  s o  l a rge  

I 

as to  be unmeaeurable- -say ,  somethjng like lo17 y e a r s ,  we then s a y  the 
nucleue is stable, 

Any chemica l  e lement ,  i .  e ,  , of a given 2, m a y  have s e v e r a l  I 

different  values of A. T h e s e  together  a r e  the isotopes of the ohe i c a l  
e l ement ;  for example ,  the  isotopes of ca rbon  include I ,  c 1 2 ,  f?-,3, c 1 4 ,  
Wherear the isotopes of a p a r t i ~ u l a r ~ e l e m e n t  ac t  chemically v e r y  mucly - ' 
al ike ,  the  i ro topee  d i f fer  g rea t ly  in the  following respec te .  *" 

( 1 )  They have d i f ferent  m a s s e s .  

(2) They va ry  in s tabi l i ty.  

(3) They p o s s c s s  different nuclear  p roper t i e s :  I 

(a) if they a r c  unstable, the cha rac te r i s t i c  radiat ions differ ,  

(b) they  have different  probabil i t ies  of nuclear  reac t ions  (we 
s a y  s imply  that the i r  c r o s s  sec t ions  differ) .  .> : 

(4) The abundances of the stable ones found in na ture  d i f fer .  

F o r  the isotopes that a r e  radioact ive,  i t  i s  in teres t ing  t o  note that  
the d i f ferences  between the  types and c h a r a c t e r i s t i c s  of radiat ion p e r m i t  
each isotope t o  be identified b y  physical  m e a s u r e m e n t s  of the half l ife,  of 
s n e r g y ,  s f  radiat ion,  c t c ,  Th i s  f ingerpr in t  has  been used t o  advantage in 
r o e e a r c h  and indust r ia l  applicat ions.  

E lements  that  have the  s a m e  m a s s  number A a r e  cal led i s o b a r s .  
A given m a s s  number  includes d i f ferent  chemical  e l ements ,  each  of which 
haa s dif ferent  a tomic  mass although a l l  a r e  c lose  t o  the  s a m e  value. I r ,  . 
leobare  can  be separa ted  chemically and they each have different  nuclear  . . 
p r s p c r t i c e ,  including bcing s table  o r  unstable and having different c r o s s  
roe t ions ,  . t  , 

, .. b 
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Sineo Q is pos i t ive ,  t h i s  e n e r g y  is r e l e a s e d  in the r eac t ion ,  which 
gees f r o m  loft to r igh t  by i t s e l f .  The  e n e r g y  r e l e a s e d  a p p e a r s  a s  kinet ic  
unorgy of t he  Li and He. T o  m a k e  the r e v e r s e  r eac t ion  one needs  t o  dd 2 t h i s  a n e r g y ,  which m a y  bc done by a c c e l e r a t i n g  a n  a lpha  pa r t i c l e ,  He , to . 
auff ic icn t ly  high e n e r g y  ( g r e a t e r  than Q a lone)  and  allowing i t  t o  s t r i k e  the , 

Iltlrium. l'trie a x o c r g i c  r eac t ion  i s  used f o r  detect ing neu t rons .  

Nue b a r  Sys t cma t i ce  

A atutly of a l l  the known nuclei  r e v e a l s  s e v e r a l  s y s t e m a t i c  p r o p e r t i e s ,  
which a re  clues i n  unders tanding  the  n a t u r e  of nuclear f o r c e s  and  a r e  a g u i d e  
I s  m a n y  nuc lea r  p r o c e s s e s .  

a n  unsqual  n u m b e r  of neu t rons  and  p ro tons .  

nuc leons  in  tho nuc leus  i s  ano the r  

tho  volume of a nuc lcus ,  
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i~ long-l ived,  a n  equi l ibr ium i s  es tabl i shed between the rati,os of e a c h  sub-  
Blancc. This  i s  observed in the radioact ive subs tances  found'on the  e a r t h  
whieh may have re la t ive ly  s h o r t  half l ives a l l  s temming f romla  v e r y  long- 
livud paront, which continues t o  replenish  t h e m .  The growth r a t e  of the  
clauahtar i e  used t o  find tho half life of the ve ry  long-lived subs tance .  , 

D u r ~ n g  constant production of radioisotopes in a r e a c t o r  o r  a c c e l e r a t o r ,  
the h s  by decay i n c r c a s c s  until eventually the loss  r a t e  i~ equal  t o  the 
production r a t c .  F o r  cxarnpla, a f t e r  one half life of i r r ad ia t ion ,  one-half .  
of (111 tho radioact ive nuclei  that will  e v e r  he  available a r e  p resen t .  The 
next half life of i r radia t ion  i n c r e a s e s  the amount presknt  t o  only 7570 of the 
miixirnum, whilc the  th i rd  half-life exposure  builds t o  only'87,5%. F o r  

' 

eqrtnl additional i r radia t ion  t imes a se r ious ly  diminishing r e t u r n  occurs .  

Extremely  ~ h o r t  ac t iv i t ies  can bc i r r ad ia ted  in a shor t  t ime  t o  , 
maximum activi ty,  hut must  bc ramovcd very  quickly'to be courited. One 
technique i 6  t o  t r a n s f e r  thc! m a t e r i a l  f r o m  ta rge t  to  counter by a "rabbit,  ' I  

which w o r k s  like a pneumatic change c a r r i e r  in a depar tment  s t o r e .  Another 
method is t o  have counters  located s o  that the radioact ive subs tance  mounted 
on tho por iphcry  of a wheel is p a s s e d X b y  'them qqickly a f t e r  pass ing an  
irradiating b c a m ,  Elec t ronic  switching methods a r e  a l s o  applied t o  th is  
problem.  Moasurornente of half l ives a s  s m a l l  i s  s e c  a r e  ndt difficblt 
with tlrcso las t  two methods .  

Two unit8 of radiat ion a r e  of in ta res t .  ~ h e ,  the  c u i i e ,  m e a s u r e s  
the rat0 of radioact ive d is in tegra t ion  but says  nothin about the energy ,  
type el radiat ion,  o r  haza rd .  One cur i e  i s  3 .7  x 10IB disintegrat ions per  
uacond, T h i ~  is approximate ly  the number  of d is in tegra t ions  that occur in 
one gram of radium pcr  sccond.  F o r  any sample ,  the s t r eng th  in c u r i e s  is 
obtainad by % I  , 

1 Strength = AN, ' , 
o m  

3.7 x 101 ( 1 .  

wlrcra A is the decay constant  and N i s  t h e  number of the specif ic  radioact ive 
nuelai in the  sample .  

, - 

N is computed by 

N~~ N =-K-- 

wbcrc  No is Avogadro 's  number ,  No = 6.023 x a t o m s  per mole ;  A is  
tlrc mass nunibcr ;  p i s  the densi ty i n  g r a m s  pei- cubic c e n t i m e t e r ;  and V i s  , 

ttrc volutnc of the sample in c c .  A l a rge  decay constant  h means  a high decay  
r;rtc and corrcspo.ndingly a ,short  half life. 

The roentgen m e a s u r e s  the ,ef fec t  of radiat ion by indicating <he ' . 
amount of ene rgy  re leased  by the  radiat ion.  The roentgen i s  define,d f o r .  , 
x - r a y s  but is applied t o  a l l  radiat ion.  One roentgen is the  exposure  i 
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Chapter  2 

Tho  g a m m a  radiat ion c a r r i e s  the nucleus f rom i t s  exci ted s t a t e  
I . 

toward the ground s t a t e .  The excited s ta te  m a y  have resu l t ed  f r o m  a 
p rcv i sue  radioact ive decay,  a s  we have seen .  The gamma energ ies  
co r raepond  t o  thc quantized levels  of the nucl&us f romTwhich they come .  
Tho half l ive8  of g a m m a  e m i t t e r s  a r e  in genera l  ve ry  s h o r t ,  s o m e  a s  shor t  

sacond.  The l i fet ime depends d i rec t ly  upon>the amount of r e -  
organillation that  mus t  take place in the nucleus,  The l i fe t ime of the excited < ,  

nucleus i s  propor t ional  t o  the change in the in ternal  angu la r ,momentum.  .For 
r e v e r a l  unite of angular  momentum change the  half l ives become seconds ,  
hsu re ,  d a y s ,  o r  even y e a r s  long. Nuclei that  m a y  be m e a s u r e d  in both a n  
exei ted  and a ground s t a t e  a r e  cal led i s o m e r s .  

The reorganiza t ion  of the nucleus changes the distr ibution of cha rge ,  
which losde t o  the . e m i s s i o n  of the e lec t romagnet ic  ene rgy  in the  f o r m  of 
a photon. Th i s  is pa ra l l e l  t o  the emiss ion  of e lec t romagnet ic  ene rgy  f r o m  
an aceelcrated e lec t r i ca l  cha rge .  

A p r o c e s s  that is  a gamma p r o c e s s  but r e s u l t s  in a be ta ' s  being 
emit ted  i s  ca l led  in ternal  convers ion ,  Internal  conversion o c c u r s  when a n  
e lec t ron  of a n  inner shel l  of the a tom p e r t u r b s  the nucleus b y  being in the  

t 
region of the nucleus.  If enorgy can b e  re l eased  it  m a y  be t r a n s f e r r e d  i 

l o  the e lec t ron  r a t h e r  than coming out a s  a photon. . The-energy  of the b e t a ,  , .  
EP, is re la ted  t o  the gamma energy  hv, a s  

Ep = hv - Wp 
w h e r e  W i s  the energy, r equ i red  t o  remove the e l ec t ron  f r o m  i t s  a tomic  
ahel l ,  W ie  cal led the work function. In cont ras t , to : the  be tas  f r o m  a beta  
s m i e a i e n ,  the internal ly converted be tas  have a d i s c r e t e  o r  quantieed ene rgy  . 
and can be identified by i t ,  An x - r a y  a l s o  i s  produced when the  hole in the 
atomic she l l  is  f i l led.  

Tlrc emiss ion  of g a m m a s  i s  governed by select ion r u l e s .  These  may  
% _  

yravcnt  n nuclous f rom losing a l l  i t s  exci ted energy in one s t ep ,  and a chain 
sf gamma cmise ions  m a y  be  requ i red ,  

Intoraction of Radiation with Mat ter  

E a c h  of the t h r e e  types of radiat ion r e a c t s  d i f f e r in t ly  a s  i t  p a s s e s  
through m a t t e r .  Each  interact ion t r a n s f e r s  ene rgy  f r o m  the radiat ion to, the  

p # -  

' I m i ~ t t c r  and r c s u l t s  in ionization in the m a t e r i a l .  This  ionization enables .L 

dc tuc to r s  to notc the p resence  of the radiat ion and is the b a s i s  f o r  m o s t .  . - ,+' 

, . eaunlcrs.  % -< 

. * 
Heavy Charged P a r t i c l e s  Going ~ h r d u ~ h  Matter.  *.>. - ? 

Heavy charged pa r t i c l e s  include the alpha pa r t i c l e ,  pro tons ,  -. . , 

dautcrona ,  rn'eadhe, and*'fieaion products .  r m  Their ' in terac t ion 'wi th  m a t t e r  . 
c 

, ' -  1 

> ,- . ?  

i s  c h a r a c t e r i z e d  by a v c r y  intense ionizat ion ' in 'a> relat-ively 'st.raigh\ path, _, - . ,- . > , ' ,  - =?, ,, ,,> 

se thcee  heavy pa r t i c l e s  b r u s h  the e l ec t rons  off the a t o m s  in the i r  way. - - -, <.'- 
<-: a> , ~Z-Y> 

-1 ;--i, Infrequently tho pa r t i c l e s  suffer  a d e f l e d t ~ n g ~ ~ ~ o l l i ~ i o n j  ,-whicG is,' $.ah4ied1 b$ + .:- , . : :* ,A*s -,-. rd~;aj .P 
a nus-!ear :encounter., . , , .  , . < y r  I .-, _ i . I , j r  , , I , . ; , . , . . . + ->.; *% , \ I  ?', ;;, 

. -  - 2 , , ; - < > k ,  ZkVA 
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about  2 Mc!v e n e r g y  p e r  g p e r  c m L  t a r g e t ,  T h i s  m e a n s  a  p las t ic  1 in .  thick 
would "catch" 5 Mev of e n e r g y  and  conve r t  it t o  100,000 e v  of light e n e r g y .  
In t h i ~  rangc there arc about' 2 , 5  e v  e n e r g y  p e r  photon s o  tha t  would m e a n  
40,008 photons,  of which p e r h a p s  1000 a r e  co l lec ted  by  the  photocathode., ,  
This yiclds, in t u r n ,  about  100 photoe lec t rons  into the dyqode s y s t e m .  
8uthcr fc) rd  would doubt less  be  a m a z e d  a t  how his  e y e - s t r a i n  method h a s  
been i m p r o v e d ,  

A f a i r l y  r e c e n t  addi t ion t o  de tec t ion  dev ices  i s  the Ce renkov  coun te r .  
Fundamen ta l ly  i t  depend8 on the  fac t  t ha t  if a  pa r t i c l e  p a s s e s  through a 
medium at a epcod f a s t e r  than the speed  of light in  tha t  med ium,  i t  s e t s  up 
a shock wave,  which can  b e  de tec ted .  An exce l len t  ana log  i s  the p a s s a g e  of 
a boat t h rough  e t i l l  water, It l eaves  a V t r a i l  (bow wave,) behind i t ,  The  
greator the speed the sharper the V, in a c c o r d a n c e  with the  f o r m u l a  2 , r . t  

-, 
v - v - 1 1 .  

C O B  0 = - - p T  - Tip ' v 
' 5  

i .  
, . where 

, 1 1 , .  0 = the ang le  between light r a y  and  pa r t i c l e  pa th ,  
<- 

v , , - .  p :  - . - 
, , I .  > j t  

C ' 
+ " I . ... 

V = valoci ty  of light i n  the  rn'edium,' , i :  .% 

v = p a r t i c l e  veloci ty ,  

11 = r e f r a c t i v e  index,  

c = spcad  of l ight.  

1 < - 
In m o s t  c x p c r i m e n t s  f3 is c l o s e  t o  I ,  s o  that  'cos 19 v a r i e s  as - . If n  i s  
elosc to 1 ,  ( a s  it i s  in G O 2 ) ,  0 i s  c lo se  t o  z e r o ,  o r  the wave'kront i s  n e a r l y  

7 

porpcndicular  Lo the advancing p a r t i c l e ,  s o  c l o s e  that  i t  can  be focused  by  
pa rabo l i c  m i r r o r s .  F o r  fl int g l a s s  n = 1,59 and 0 i s  about 5 l o .  

It t u r n s  out that the f r equenc ie s  in  the wave f ront  a r e  cont inuous,  
with equal n u m h c r s  of photons emi t t ed  per  unit f requency  in t e rva l  throughout 
the s p e c t r u m ,  and  tha t  a round  250 usefu l  photons p e r  c m  r e s u l t  f r o m  a s ingly  
charged p a r t ~ c l c .  T h i s  i s  m u c h  l e s s  than  scint i l la t ion e f f ec t s ,  bu t  enough 
to bc caught  by  photomult ipl ier  t ubes ,  and  has  the advantage tha t  i t s  dura t ion  
is prac t i ca l ly  z e r o .  By  m e a s u r i n g  the  angle  of a p e r t u r e .  of t he  light cone ,  
it is poss ib l e  t o  d e t e r m i n e  the exac t  speed  of the pa r t i c l e  caus ing  i t ,  though 
this i s  poss ib le  only in v e r y  part ic ,ular  c i r c u m s t a n c e s .  

m 

'I 'harc a r c  two kinds of cloud chambers- - the  o lder ' expans ion  type ,  
which ia i n t e rmi t t en t  in  i t s  ac t ion ,  a n d  the m o r e  recently developed diffnsion <i - 
type, which  p rov ides  a c o n s t a n t l y ~ s e n s i t i v e  volumei '  T h e  whole t r i c k  i s ' t o  
create a volume,  which; i s  somekha t ;  but mot ' too great ly;- '  s u p e r s a t u r  
vapor ,.; Then p a s s a g e  ,of>a charged pariticlb b e c o m e s  eQidgnt*by-  theL:t 
d r o p s  it l e a v e s  behitid due  to condeds'ati'on Gpon the  i!ons"~or'm&'d 'a1 
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Chapter  3 . 

< +  * 

, , .-. 
I ,  , - If a tiny t rans ient  drop f o r m s  in a region of supersa tura t ion ,  t h e r e  

>7< , '  
i s  a , c r i t i c a l  radius  re la ted  t o  the 'degree of supersa tura t ion  above which it  

d; < . c 
will 'grow, below which it  will  d isappear .  Elec t r ic  effects  accompanying a 

. - 
,? i 

charged ion reduce  th is  c r i t i c a l  radius .  It i s  ' necessa ry  tb avoid.80 high a 
- .  degree,of  supersa tura t ion  a s  to allow random coalescence  of molecules  t o  . , ' i =  

< ,  - ' grow into visible 'droplets ,  yet to  provide sufficient supersa tura t ion  t o  
r ,  produce growth of the vapor agglomerates  forming about a n  ion. 
- .. 

r 1  

5 
In the expansion chamber  the supersa tura t ion  i s  induced b y  cooling 

produced by a sudden inc rease  of volume o r  reduction of p r e s s u r e  of the 
enc  losed gas  -vapor region. 

The continuous cloud chamber  has  evaporating fluid (frequent Ly 
methyl  alcohol) a t  the top of a cylinder which i s  cooled a t  t h e  bottom (usually 
with d r y  i ce )  t r ichloroethylene).  Convection c u r r e n t s  (downward) se t  up a 
gradient of sa tura t ion ,  and somewhere  between top and bottom i s  a continuously 
sensi t ive region. The field can  be  c l ea red  by e lec t ros ta t ic  cha rges  on a 

<.< , 
w i r e  gr id ,  and coincidence counters  can be a r r a n g e d  t o  t r i g g e r  a c a m e r a  

- c 

to photograph interest ing events ,  
- .  < 

> L 

I 

" % " 
D r .  Moyer next showed application of these  techniques t o  c u r r e n t  

~. 
a <  labora tory  exper iments ,  In the  antiproton experiment by  D r .  Segrk and 
jl L , assoc ia tes  the setilp was a s  shown in F ig .  I .  (Descript ion of ant iproton 

setup.  ) . > ,  .. r .  

P<  , 
I ,  

> ,  : ,- J 

The high-velocity Bevatron beam produces a g rea t  var ie ty  of f r a g -  
ments  a t  the t a rge t .  The momentum-defining magnet i s  s imply  a bending 
magnet to  put those with the s a m e  momentum in the s a m e  genera l  path. 
These  a r e  focused by the  quadrupole focusing magnet and brought out 

, L through the wall In a s tna l l  well-defined beam where  they. hit a scint i l lat ion 
counter ,  the s t a r t  of a timing device;  the second scintillation counter  i s  the  
other  end,of the timing device,  and their  output appears  a s  associa ted  pips 

, la on a cathode-ray 'scope t r a c e .  
~ ,. 

The r e s t  of the device is a double check t o  guard against  acc identa l  
coincidences. The f i r s t  Cerenkov counter r e j ec t s  any par t ic le  t ravel ing  a t  
m o r e  than 78% of the speed of light (pions do th is ,  ant iprotons of the chosen 
momentum do not).  Next comes  a Gerenkov veloci ty-select ion counter  with 
a quar tz  radia tor .  The angle of the result ing shock wave conf i rms the speed 

, of the par t ic le ,  and the f inal  scintillation counter i s  to  make s u r e  the 
t r igger ing  par t ic le  r ea l ly  came  through the appara tus  and was not caused  
by spurious external  noise.  , 

*' A 

. , 
K-meson l i fet imes a r e  studied in the following manner .  (See F ig .  2 ) .  

: - 
High-velocity protons f rom the Bevatron impinge on the t a rge t .  Some of the  
result ing mesons ,  which s t r e a m  off a t  right angles ,  a r e  bent and focused 

> ' ., . 
c c  

b y  magnets  t i l l  a s t r e a m  of u n i f o r m ~ m o m e n t u m  par t i c l e s  comes , in to  the  
2 1  1 r ,- , .", . z z  - right ,side, of , the diagr,am. This s t ~ e a m  cpntains m a n y  unwanted pionsi The 
, ;:,.-. . ., 2 .*:. . C e r ~ k o v ; c o \ i n t e r ,  is.,set, to, !'r&isterll then but to  p a s s  K mesons ,  .which& .: -,  
,*+>* s-,\<: L ' 

. . 
.%Y! : -,. .'. 2'- - r eg i s t= r , in  scintillation counter No.. 3. The K m e s o n s  a r e  then~s lowedrdown <+ <, G ?*';< , - -, 
~9.5,d:rri:, . - - . c j  ,-I by. the wedge, s o  that  they come . to r e s t  in scint i l lat ion counter  No. C . .  ' 
>3:*,:tl; ::< L$ ; +.+ :. , P a r t i c l e s  'that go  on.and"regis ter  in "2". a r e  not K mesons .  .There fo re  a p., 4 :, , *r 8 ' . /5q:7,+,;. ?>., :. ! ; 1 ;  ' 2 -  . . -  
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1- 0 KV2, which  breaks into a  n. and a m e s o n ;  

7 ,  which g ives  t h r c e  n m e s o n s .  

- 8 Strarrgcly onsugh thcsc all have nea r ly  the s a m e  l i fet ime,  namely  1 . 4 ~  10 sec .  
T h i ~  "lifetime t lcgcneracytt  i s  a t  p resen t  vcry perplexing.  

0 In Pig,  3 i s  shown the device used  to  study O mesons  (neut ra l  K 
maestls). Thcy decay into two neut ra l  .rr mesons ,  which cannot be detected 
by eountc!rsl, but thc n mesons  b reak  into two high-energy g a m m a  r a y s .  
'f'hoeo gamma rays p a s s  through low-molecular-weight  subs tances  with 

i 
Liti lo raac t ion  (thc ant isc in t i l la tor ) ,  hut they give copious pair  production 
when inciclent upon load, and the result ing e lec t rons  r e g i s t e r  in sc in t i l la tor ,  , - 
also in tho Ccrcnkov counter  (which can he  se t  to respond t o  e l ec t rons  only),  
and finally i n  scintillator No. 2 .  
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, , In o ther  words the pole shape n e c e s s a r y  for  focusing i s  exactly oppoaite to 
that needed t o  overcome relat ivi ty effects .  Some of the key ideas  that have 
developed in the advance of acce le ra to r  concepts may  be l is ted a s  follows: 

1 .  Genera l  cyclotron principle 

2, '  Magnetic focusing , , , 

T: % 3 .  Phase  compensation 
2 4 ,  Wedge field focusing (Thomas focusing) 

5. ' Alternating -gradient  focusing with pulsed magnetic  f ields 

-, 6.  Alternat ing-gradient  focusing with dc  magnetic  f ields 

. . (Thip is known a s  WAG, standing f o r  fixed field al ternat ing gra'dient; both, 
, F this and , Np, . 5 a r e  known . , *  a s  'l'etr0ng)focusing. " ) ., r l  , , = (  

< .-. 
I 7 .  Phase  stabi l i ty ' ; t < . :  

' ' ( ? ' .  L - .:p7, . '  " I I 

?,&I : ' 
,!'! 

2,,,?kr *-  8. Phase  transi t ion 
,=i,-,-* ,:,>- <'< f < 

-; , >, 
-f?, .'. . 9. Momentum compaction 

10. -Spi ra l - r idge  focusing. 
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In o t h e r  w o r d s  he took advantage  of t he  ins tab i l i ty  of supe rhea t ed  , . 
liquid8 a g a i n s t  bubble fo rma t ion  in  the s a m e  way a s  a  Wilson cloud c h a m b e r  
r r t i h s e  the, ins tab i l i ty  of fluper -cooled-vapors  aga ins t  d rople t  f o r m a t i o n s .  

D r .  B l a ~ c r  uecd d ie thyl  e t h e r  a s  h i s  l iquid, and  found that  it could 
ke h ~ l i l  in a suns i t i vc  condition a t  140°C a n d  20 a t m o s p h e r e s  f o r  p e r i o d s  
up  to  LOO e c c ,  a l though the a v c r a g e  was  a round  60 .  P r o x i m i t y  t o  a Go 60  
e s u r c a  raduccd  t h i s  t i m e  a l m o s t  t o  z e r o .  He made  h is  f i r s t  r e p o r t  a t  a  
Waehington moct ing  of A m e r i c a n  P h y s i c a l  Society Spr ing  1953, and m e m b e r s  
f r o m  t h i s  L a b o r a t o r y  who a t tended  the meet ing  began e x p e r i m e n t s  h e r e  
immccliatoly on t l ic i r  r e t u r n ,  

Although c t h o r  has  only 3 e l e m e n t s  (C,  H I  0)  ins tead  of the m a n y  
i n  photographic  emulsion, s o m e  people in t h i s  l abo ra to ry  fe l t  that  hydrogen 
W Q U ~ ~  be kcst of a l l  because  it is a  p u r e  s i m p l e  subs t ance ,  and  thus  the  
h r 6 ~ t  would a lways  be uniquely known. In te rpre ta t ion  of nuclear even t s  in 
a hydrogen c h a m b e r  would b e  e a s i e r  and m o r e  ce r t a in . .  

Thc f i r81 bubble c h a m b e r  m a d e  h e r e  was a l l  g l a s s ,  about 1 by  0.75 in .  
Thc! hydrogen wse heated t o  about  29O K and  kept under  a  p r e s s u r e  of 6 .5  
a t m o e p h o r e s ,  t o  p reven t  boi l ing.  When expanded t o ' a  supe rhea t ed  condition 
It could be kept sensitive about  1 s e c ,  which was  plenty f o r  s a t i s f a c t o r y  , , 

sxpseuras, 
.: 

Thc ncxt i n e t t u m c n t  was  a c h a m b e r  2.5 in ,  in  d i a m e t e r ,  with m e t a l  
w n l l ~ l ,  Ae cxpcc tcd ,  p r e m a t u r e  bubbling s t a r t e d  a t  the m e t a l - g l a s s  junc ture ,  
but tha g rowth  of wal l  hubblcs changed the p r e s s u r e  s lowly  s o  tha t  they  did 
not i n t c r f o r c  with s p c r a t i o n .  

'rhc f i r s t  c h a m b e r  useful  f o r  phys i c s  was  4 in .  in d i a m e t e r  and  2 in .  
in dc:ptlr, Ite g e n e r a l  s e tup  i s  shown in the  accompanying d i a g r a m  . (See 
Pig,  2, ) It is reasonably s e  If - explana tory  except  f o r  the h e a t e r .  The  bubble 
clrarnbor o p c r a t c s  about  6O t o  7O above  the boiling liquid hydrogcn in the 
I l sok .  Flcal exchange  i s  provided by a connect ing block of copper  which i s  
yurpanely  m a d c  overconduct ing and  h a s  a  hea t e r  ins ta l led  in i t .  Automat ic  
c o n t r s l e  ad jus t  the  hea te r  power t o  give p r o p e r  opera t ion .  

Tho a l t e r n a t e  expans ion  and  c o m p r e s s i o n  dur ing  opera t ion  f eeds  
ticat into t hc  c h a m b e r  . T h i s  heat  i s  d i s s ipa t ed  by  evapora t ing  hydrogen-  -an  
undcs i rnb lc  w a s l e .  The  was t e  can  b e  min imized  by  f a s t  r e c o m p r e s s i o n ,  
a s  tha t  t hc  P-V "cycle" e n c l o s e s  a s m a l l  ins tead  of a  l a r g e  a r e a .  

?'tw indcx of refraction f o r  liquid hydrogen i s  a round  1 .08  - -  only 
sliglrlly m o r c  than  the g a s  bubble.  T h i s  m e a n s  that the c a m e r a  cannot  
ba sat pc rpcnd icu la r  t o  the i l luminat ion,  f o r  the bubbles  would not show up. 
It is t l cccasa ry  t o  s o  a r r a n g e  it that  the un re f r ac t ed  light b a r e l y  m i s s e s  the  .. 

. a  

camera; but the light r e f r a c t e d  b y  a bubble just e n t e r s .  T h i s  is ach ieved  < ,  . . ;>,, . 
b y  a "Venetian bl ind.  " Bubbles  a p p e a r  a s  br ight  s p o t s  on a  d a r k  f ie ld .  - -, f. 

L - :  #> - .- , 
- , , , *:<, - , 12' 

1 .*' , 'A< The gaske t  f d r  glasa-mt&l :&tact w a s  one of the most .d i f f icu l t  - ., L ,  .: \X .j,e5,4.. ,J 
,$ 

p r o b l e m s  t o  solve. Lead under  s p r i n g  l o a d , i s  the p r e s e n t  solut ion,-  but , . ,, . -  'G~+.,:k _. . .. . : ., :,; -. . 
t l ~ :  ruary i l l  Letween lead-f low a n d  g l a s s  -$ha t t e r  p r e s s u r e s  i s  uncornfor$ably+, &,, ;:: $.:A:$$ 
narrow. * , 7 -.- - .:'.:.$.;i?',y \ l l j  " d l  I 
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Two FIclmholtz c o i l s  supply  a n  adequate  pulsed f ie ld  of 15,000 g a u s s  , ,, 

to aid in  a n a l y s i s  of t hc  t r a c k s ,  but  the resu l t ing  eddy c u r r e n t s  m a k e  heat ing 
problems. Tho c h a m b e r  i s  m a d e  of thin s t a i n l e s s  s t e e l  t o  m i n i m i z e  th i s  
b a t i n g .  

1'hc p r c s c n t  10- inch  c h a m b e r  i s  a sca l ed -up  ve r s ion  of the 4 - in .  one ,  
with m a n y  improvcmerr t s .  A new r e c o m p r e s s i o n  s y s t e m  has  been  used  which 
I u s  fro r ap id ly  moving p is tons .  T h e  10- in ,  wil l  r e c o m p r e s s  wirhin 30 m i l l i -  
eccendu attar sxpans ion .  T h i s  c u t s  heat l o s s e s  and s e c u r e s  m o r e  uni form 
seneibivity throughout  tho . chamber .  

Th ie  bubble c h a m b e r  i s  a t  p r e s e n t  being used  t o  s tudy  K- m e s o n s  
from the 6 - B o v  Beva t ron  b e a m .  The unf i l te red  b e a m  conta ins  about one K 
maron to 50,000 n m e s o n s ,  but  f i l t e r ing  i n c r e a s e s  tha t  to 1 in 1000. As a 
rseult ,  a e  high as one p i c tu re  in 50 ehowe a K event .  A typ ica l  plate  is 
8lrown as F i g ,  4 .  H e r e  a  K' c a m e  in f r o m  the top, $it a pro ton ,  and  f o r m e d  
o C' and  a n+, L a t c r  the 22- decayed  to a n- + a neut ron .  T h e  s p i r a l s  a r e  
o l c c t r s n  t r a i l s .  

P l a n s  a r c  a l r e a d y  wel l  a long f o r  a l a r g e r  c h a m b e r ,  t a i l o r - m a d e  f o r  
er specific job, One of the  m o s t  i n t e r e s t ing  kinds of even t s  tha t  i s  obse rved  
in  va ry -h igh -enc rgy  p r o c e s s e s  i s  the d i s a p p e a r a n c e  and  r e a p p e a r a n c e  of 
charged p a r t i c l e s .  A typ ica l  r eac t ion  of t h i s  s o r t  i s  

n- + p+ - go t A'; 
0 0 lelcrr the  0 docaye  to nt t n- and thc  A t o p t  t n-., 

' 

l'ha &lay i n t c r v a l  is a round  s e c  and i t  would be  n ice  to  h a v c  a  
clrambcr l a rge  onough f o r  the e n t i r e  s equence  t o  t akc  p lace  within i t .  F i g u r e  
4 is a n  analysis of s p a c e  r e q u i r c m e n t s  f o r  the r eac t ion  above .  C a r e f u l  
~ I u d y  01 t h i s  and s i m i l a r  r eac t ions  has  r e su l t ed  in f r eez ing  the  d imens ions  
of tka now charnbcr  t o  bc 72 in .  long, 2 3  i n ,  wide and  15 in. deep.  'The only 
hydrogen usotl wil l  bc in the  bubble c h a m b e r  i t se l f .  A r e f r i g e r a t i o n  s y s t e m  
rop lnces  tha cooling hydrogen. Design is well  a long and  p r o c u r e m e n t  of 
r m l o r i s l s  has s t a r t e d .  Opera t ion  in 1957 i s  not ove r ly  op t imi s t i c .  If t h e  
Ircw c h a m b e r  w o r k s  a s  expec tcd  it i s  not unlikely tha l  -10,-000 interesting 
c w n t n  per day wil l  bc r e c o r d e d .  Using p r e s e n t  me thods ,  a t r a i n c d  ope ra to r  
w i t h  a dcsk ca l cu la to r  can  t tana lyae"  a n  cvcnt  in about two h o u r s .  Simple 
a r i t h m e t i c  ~ h o w s  tha t  m o r e  than 2000 unavai lable  e x p e r t s  would be r e q u i r e d  
lo p r o c c s e  the  d a t a .  

T o  p reven t  t h i s  p i le -up ,  new m a c h i n e s  are being developed .  Humans 
w i l l  e i m p l y  p ick  out by hand a n d  e y e  the  p r i n t s  that  look in t e re s t ing .  T h e s e  
wil l  he fed t o  a p r e c i s i o n  r e a d e r ,  which i s  a s o r t  of pro jec t ion  m i c r o s c o p e .  
Data f r o m  t h i s  wil l  be  punched on LBM c a r d s  and  t h e s e  wil l  b e  fed t o  a 650 I 
co rnpu tc r ,  which c a n  be p r o g r a m m e d  to  give a l m o s t  a n y  inforrnat io  - - 
might  caro to obtain.  Corrections f o r  n&iuniform magne t i c  f ie ld a n d  opt ica l  

















Chap te r  7 

Aleo in  thc nucleus t h e r e  i s  no s t rong  c e n t r a l  cha rged  c o r e  tha t  s e t s  
tho main nuclear f ie ld .  'There i s  comple t e  d e m o c r a c y ;  e a c h  nucleon con-  
tribuloo its own ef fec t ,  and the  r e ~ u l t i n g  f ie ld i s  a  compos i t e  of a l l .  Th i s  
loade to cons lan t  v ibra t ion- l ike  s m a l l  r e a d j u s t m e n t s  of the f ie ld which have 
Boon wall studicd by A ,  Bohr  ancTM'Cttelson. L a r g e  field changes  c a n  b e  
oxplalnecl B y  individual  nucleon exc i t a t i ons .  ~u=r leve ls  s o  d e r i v e d  help 
10 ~ y ~ t o m a t i z c  the growing ficld of nuc lea r  spec t roscopy .  

T h e  f i r e t  cltep in a ma thema t i ca l ly  de r ived  theo ry  cons is ten t  with 
tho88 known facts was t aken  by Ytikawa in 1937. A r i  go rous  development  
fnvelvoe an cx tens ivc  know lodge of quantum mechan ic s ,  but ( D r .  T e l l e r  
olimitmtocl meet sf tho m a t h e m a t i c s  f r o m  his t a lk ;  t h e s e  notes  e l imina te  
even more, but wil l -  -we  hope- -give the feel ing and "flavor" of the  r e s u l t .  ) 

It a c h a r g e d  pa r t i c l e  i s  sna tched  away with a  high speed  (but of 
couree lees than  the epoed of l ight) ,  i t s  f ie ld cannot keep  up with i t ;  t h e r e -  
fore eome i s  "abandoned" a n d  the  s y s t e m  a d j u s t s  i tself  t o  t h e  new condition 
by omi t t ing  rad ia t ion  of a c h a r a c t e r i s t i c  f r equency  v .  The  e n e r g y  loss i s  

t ', quant ized  8s tha t  the  fol lowir~g re la t ion  holds:  

'E = hv. 1: 

If tho fiold ha8 a f ini te  r a n g e  A ,  then  the f requencyacannot  b e  expec ted  t o  b,e 
I d  

ernaller than  a .  st 
i 

C v =  X *  
_, I 

%hue the p a r t i c l e s  have a m i n i m u m  m a s s  - ,  

hc 
. + 

E = X I - l  I 1 

which  tnay bc idcntificd with the r e s t  ma8s mc2 of the  quanta  tha t  a r e  , ._r 

a~ looe ia t c t l  with the f ie ld .  T h u s  if t h e r e  i s  a s h o r t  rangt? h t h e r e  a l s o  wi l l  - .  - > 4s 

bc a grcnt quantutn m a s s :  
h  m = - .  

A c 

Particles of s u c h  m a s e  w e r e  found in cosmic  rays soon a f t e r  Yukawa's $1 



r suggests  that nuclear physic8 now has 

. . 

. ' ,  , - . ' I ; ,  

some additional: interesting 
is  that the energy E of a.particls  . .  





Owen 'Chamber  lain 
' ' 

D r ,  Ghambcr l a in  had j u s t  r e tu rned  f r o m  a  confe rence  on h igh -ene rgy  
physics held in  Moacow,  U, S ,  S, R .  Hc was  one of t h r e e  f rom th i s  l abo ra td ry  
and It f rom the e n t i r e  United S ta t e s  t o  be invi ted.  

/ He gave a bricf h i s t o r i c a l  r e s u m e  of development  of f ac t s  and  theo r i e s  
about tlra nuclous.  E a r l y  in  191 1 ,  Huther ford  r e p o r t e d  r e s u l t s  on the  
acattsring sf a lpha  p a r t i c l e s  b y  gold and  o the r  fo i l s .  The r e l a t ive ly  l a rge  
numbcr tha t  s c a t t c r c d  through a wide angle  ( s o m e  even up t o  180°) could be 
osceuntad for only by assuming a highly c h a r g e d  small  reg ion  of t h e  a t o m  
csnsiclsrably tnsro m a s ~ i v c  than the a p a r t i c l e .  His  da t a  would fit  a  r e -  
prrloiorr or a t t r a c t i o n  equa l l y  wel l ,  but Thompson had shown tha t  e l e c t r o n s  
(rregativct charger;) cx i s t cd  in c v e r y  a t o m ;  f u r t h e r m o r e  the a t o m s  t h ~ m s e l v e s  
are noutral.  ' I 'hcrefore,  Huther ford  concluded the  "nucleus" w a s  posi t ively 
charged, and a l l  subsequent  work  has  ver i f ied  th i s .  He  d r e w  the c o r r e c t  
inference tha t  t he  nucleus contained n e a r l y  a l l  the m a s s  of the a t o m .  

This  nucleus conta ins  pro tons  and n e u t r o n s t o n l y , '  Be fo re  the d i s c o v e r y  
s l  t he  ncut ron  by  Chadwick  in 1932 s o m e  e l e c t r o n s  w e r e  ass igned t o  the 
nuclaue. Thcorcticians w e r e  unhappy because  spinn r e l a t ions  did not c o m e  fl :: 

out r i gh t  in s o m e  a t o m s  (cleuterium f o r  i n s t ance ) .  D i scove ry  of the neut ron  
fixed tha t  up, - 1  

added ,nut le'on: 
"central office 
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nueleue ha@ f s u c h  units ,  th is  resul t s . in  a  hyperfine multiplicity of 2 I t l ;  
that if+, s apoct ra l  line i u  nplit into that  many components.,  The analys is 'of  
tho hyparfinu structure is one of the impor tant  methods of determining , 

~ u e l a a r  epin, 

It t u r n s  out that  all nuclei. with even numbers  of both) neutions 'and 
proton8 hdvc z a r s  epin for  the lowest ene rgy  sta'te. This  mean*sethat  the , 
nuc l~ons l  pa i r  in such a way a s  t o  cance l  the  'spinq of the individual pa r t i c l e s .  
ft rhould fu r the r  ba poihted out that the sp ins  0f:individual i & d ' ~ e o ~ s  as re* ,  - 

f + I  

rrlwrrya half- integral  values of h/2<rr, s o  that 'all nuclei 'with a n  odd number  of 
total nuclcons h a v e  half- integral    pins and those with even numbers  a r e  
intogrnl  o r  z e r o .  

2 =I New lot u8 r e tu rn  t o  the caeea 'of  the  P-decay l i fet imes of K~~ and 
NA . In gorlcrsl iL nucleus docan't  want t o  change angular  momentum o r  
$pin in going f r o m  one s t a t e  t o  ano the r ,  and th i s  ccounts for  the variat ion 
in hall  Lifo with the f a m e  enorgy change. The K4' i s  hindered by a Large 
rpin ehango, the  Na is not. In pa r t i cu la r ,  K~~ has  a spin of 4 units and 
enn decay  only t o  tho ground s t a t e  of ca40 ,  which has spin z e r o ;  but ~ a ~ ~ ,  
which ha8 spin 4,  can decay t o  an  excited s t a t e  of hXgZ4, which also'  ha's: ' , 

spin 4. If ~ 4 0  could reach a epin-4 s ta te  of ~ a 4 0  it a l s o  would decay  , . ! 

quickly, but none is available.  

24 '- It has  j u ~ t  bocn montioned that  ~ a ~ *  decays  t o  a  sp in-4  s t a t e  of Mg , 
which ie  an cxcitecl s ta tc .  This  s ta te  then d rops  to the ground s ta te  b y  y - r a y  
emi8eion.  How do we know that the excited s ta te  has spin 4 7  It cannot be 
manaurcd by thc method mentioned because  it  only las ts  for  e r h a p s  1 0 - l o  
to 10-lZ sucond. T h e r e  a r e  other  ways .  We know that Mg2Bground s ta te  
ha8 eyin z e r o ,  and by indirect  means  it  i s  often possible t o  build upon this  
and deduct spins  of exci ted s t a t c s .  One of these  methods i s  to  m ~ a s u r ~ e  , 

propor t i e s  of thc y - r a y  t rans i t ion ,  such  a s  the in ternal  conversion coefficient, 
wtrich is ttrc r a t io  of t rans i t ions  that involve the ejection of an  orbi ta l  
o lbc t r sn  t o  thosc! in which the y r a y  i t se l f  is emit ted .  The theory  of in ternal  > , . convcreion t e l l s  us what the spin change i s .  Other p roper t i e s  of y radiat ion 
e m  it180 bc used to get th is  information.  

So filr wc have considered  spin changes t o  explain d i f ferences  in 
(3-ctocay l i fc t imcs .  They a l s o  influence y - emiss ion  l i fet imes and a l l  other  
trt~<:Ici~r p r o c c a s c s .  G a m m a  emiss ion ,  which i s  usually ex t remely  rapid,  
can ba grca t ly  retnrclcci by large  epln changes ,  and  where  these  l i fet imes 
cntor  lhc mcasurab lc  rangc  we ca l l  the long-lived upper s t a t e  and the lower 
otrrto nuclear  i s o m e r s .  T h e r e  i s  a m o r e  genera l  in te res t  in assigning 
~ p i t r s  to nuclear  sta tes .  This  has  t o  do  with the problem of nuclear  con- 
f igurat ions.  Jus t  a s  e l ec t rons  f i l l  into the a t o m s  in  a  r egu la r  sequence . 
giving periodic p roper t i e s  t o  the e l ements ,  s o  the re  a p p e a r s  t o  be a .. - , 
eyetcmat ic  build-up of nuclear  s y s t e m s ,  and we would~l ike  t o  a r r i v e  a t  an  , , , Y i 

<, ! A  

undoretanding of it .  E a c h  nuc lea r ' s t a t e  i s  cha rac te r i zed  by a par t icular  . $ A  ,-, > ., 
- .  . configurat ion,  and the  spin is one of the important  p roper t i e s  that give in- . . i s  

- ,  
.5u ~s 1 3  

eight into the  na tu re  of the configuration.+ , ,  I i:,~ I '  .. , ~, -. +: 
< . , . > ',, ; ;-;.::y ': 

P e r h a p s  the  f i r s t  definite point of e n t r y  in th is  gk~eral'problem,~am~~~~o:~.~~':'~"-. a >  .,,% -:-" ,: - : .*7y~t?.4;+rv; '{Id 

f r o m  thc  recognit ion of c e r t a i n  "magic 'numbers ,  I' which signify numbe$k':~f;;~-~: '~; .'".":.< 
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produced in t%'lab06iorq with the e n e r g i e s  available i n  the l a rger  cyclo- 
$:- . t rons.  .Mountaineers have been replaced by ,cha i r - s i t t e re ,  but the quantity 

r l  

-I 

and quality of the data improve.  
a . ,  

The f i r s t  mesons studied were  discovered in the coemic r a y  . They 
a r e  now called p(mu) mesons  and have an  average life of 2.15 x 10.' rec .  
(It is customary t o  express  radioactive decays in t e r m s  of the half life--that 
ie ,  the time.for any activity t o  diminish t o  1/2 i t s  original value.) Meeon C 

decays a r e  expressed in t e r m s  of the average life, which tu rns  out t o  be  
the t ime fo r  activity to  go t o  l / e  of i t s  original value. Half life ie  ueually 

, ,  - - , indicated by ?(tau), but that can be confused with tau  mesons ,  s o  we will 
f  US^ Lave and t1/2i tave = 1:443 t1/& It should be  mentioned that 10-6 see 

' is  a very long t ime in the nuclear world, 

Powell and his  co-workers  in' England soon showed that p meeono 
' .had barents  called n mesons ,  which were  children of the original  co rmic  

: ,  .' raye ,  which consisted of high-speed protons,  These  factd can be  rumniarioed 
- - 
L' . in the following equations. 
I %  I 

- 2  

5. 

> >).> .. < (  

9. p + + e t i  v t v  
_I_ 1 - - 

-6 
' ? . ,  I I A *  - tave' = 10 s e c  
- L  - i 

p; +- : 
- . 10. zJ p +.e., +.,v t v , 

> ,  - :  
'I, r.; 11. t t? n - t v  

3 

* :, 1 
.l.' s 3 

-8  
>x- : .- : , ,  :" = 10 s e c  !@ 

ta+e 
z-3.J- L 12. n: -. p: t v 
5 5  : , 
.c, < > .. \ j  13. v o + y  + y  t =  - very.shor t ,  10-14 

;*, -, may be 
J~ ' * ~  .. - - ., In the ~ a b o r a t o r y  a l l ' t h ree  kinds of n mesons may be  made by bom- 

r 

I ,  barding any mat ter  with - any h i g h - e n e r g ~ ~ p a r t i c l e s .  Actually the Laboratory 
used 3 9 0 x e v  a par t ic les  and 345..Mev protons on carbon targets .  Note , 
that the end products a r e  neutrinos, electrons,  and kinetic energy. 

fi We now leave the f ield of "well known" and "fair ly well known" t o  - _ enter  that of vaguely known or  suspected. These a r e  called "strange 
par t ic les .  " [ ~ n  an  as ide  Dr. McMillan ,said they were  no s t ranger  than 

, .  any others ,  just newer. As a mat te r  of fac t ,  to  him the s t rangest  of a l l  

' >  

is the neutrino. ] ~ h e s e  too were  f i r s t  discoye- cosmic  r ays ,  bpt , ' 

can now be created in the. laboratory by the Bevatron and s imi la r  machinee 
? :  ' (the cyclotron does not furnish  enough energy. ) . 
d The f i r s t  of these  a r e  the K mesons.  They have a m a s s  of roughly 

1/2 the proton and an  average life of around 10-8 sec .  Originally t he r e  
,- were  severa l  kinds of K mesons,  and the situation was s o  confused that 

considerable effort and ingenuity were  applied t o  " u n d i ~ c o v e r i n g ~ ~  some  of 
7 ' , . the brood. This was successful  in the conclusion that the s a m e  epecies 

\' 7 could'decay in different ways. .(Roman le t t e r s  a r e  used t o  designate'  
i ' , . .  I i c l a e s e i  of-part icles,  C r e e k  le t ters  a r e ' u sed  t 6  designate fa i r ly  we'll- * - .  ' 

. - eetabliehed , individual . particles;')~~Some'relationships a r e  e h o ~ h ' i n  the',' 
'- 
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'Chapter 11 2 h T  - ,  - -3 
t .  

. -  1 
r 2 ,  

Let ue l i s t  s o m e  p roper t i e s  of the n o r m a l  pa r t i c l e s  and an t ipa r t i c l e s ;  lli 

, 2, 

1, Maee  - -  s a m e .  . r  i:\~ 
, ' ? ~  

, ' 

2., C h a r g e  - -  opposite.  - cl\? ,.. ' 
c <; 

I 
\ ,  

% i ,  7 L ~  

3. Magnetic  moment  - - opposite.  , I <  

I .. 
< 2- 

4. Spin - -  . :,:" s a m e .  4 , 
- %i * 

5. Genera ted  in p a i r s .  +-  

6. Annihilated in p a i r s .  
I - .< 

7. Stability in vacuum - - s a m e .  
,. 

After  Anderson 's  d i scovery  of the ant ie lec t ron,  a thorough s e a r c h  was made 
f o r  o ther  an t ipa r t i c l e s ,  especia l ly  the antiproton,  but e f for ts  w e r e  in vain 
for 25 y e a r s .  A c rea t ion  ene rgy  of more than L mc2 shows that if two protons 

i 

. t w e r e  moving with equal  speed toward each  other  each would have t o  have an  
/ lr snsrgy in e x c e s s  of 1 Bev ,  but if one were: standing s t i l l  the other  would need 

about 6 Bcv cncrgy ,  because  some  would be t r a n s f e r r e d  to  cen te r  -of - m a s s  
tnamc?nlum arrd only the r emainder  would be available for  pa i r  c rea t ion .  

Man-made energ ies  in th is  range became  available only with completion 
of t h e  Berke ley  Bevatron,  and the s e a r c h  was taken up with renewed zes t .  
Identification of the pa r t i c l e ,  if produced,  depends on P r o p e r t i e s  1, 2 ,  and 
7 liatcd above. The m a s s  would be the s a m e ,  the charge  opposite,  and the 
inhoroht s tabi l i ty infinite.  Stability should not be confused with reac t iv i ty ;  
tho half life of the antiproton is infinite in vacuum but about s e c  under 
conditions of the labora tory  exper imen t ,  

Any bombardment  that could conceivably produce antiprotons would 
at the s a m e  t i m e  make a g r e a t  many mesons ,  s o  that  a n  e!aborate "filtering" 
proceRs i s  n e c e s s a r y .  The charge  could be used t o  separa te  i t  f r o m  a l l  ... 
p o ~ i t i v e l y  cha rged  p a r t i c l e s  and i t s  momentum would cause  it  to cu rve  in 
a magnet ic  f ield differently f r o m  a l l  other  momenta.  F inal ly ,  i t s  m a s s  
would give i t  a different  velocity f rom all  other  pa r t i c l e s  having the s a m e  . - 
momentum and thus i t  could be  uniquely determined.  

\- . 
-, 

The separa ted  antiprotons were  allowed to impinge on nuclear  
emuls ions ,  and on development these  showed a few s t a r s ,  the to ta l  ene rgy  of 
which exceeded the incident pa r t i c l e -  -proof that a n  additional nucleon had 
baen annihi lated.  

Thus  the  long s e a r c h  has ended, but a s  usual  in scientif ic  works  it  
v a r o u s e s  m o r e  ques t ions  than it  s e t t l e s .  D r .  Segrb i s  absolutely convinced 

that  the re  mus t  b e  an  antineutron,  Because  of i t s  lack of cha rge  i t  wi l l  b e  
h a r d e r  t o  f ind- -the methods will  depend on el imination- -but plans. a r e  a l r e a d y  ,, 

i7\ 

under way h e r e  a t  the labora tory  fo r  a n  exper iment  to  find i t .  So  now we >. , .,* 

have comple te  s y m m e t r y  of o rd ina ry  paoticlerj and ant ipar t ic les .  Is t h e r e  
r e a l l y  an antiworld somewhere ,  o r  i s  i t  just a mathemat ica l  t r i c k ?  And i f  . % .  - - - ~ 

t h e r e  is a n  ant iwor ld ,  what will  happen when it  touches our ' 'real" wor ld?  
Will t h e r e  b e  t e r r i f i c  annihilation of m a t t e r  and c r e a t i  
the f i r s t  e n e r g y  blow the m a s s e s  a p a r t  and s top  the  r e a  
the wor lds  get  sepa ra ted  i n  the first place? ~ t r . ~ r .  Segr  
paseed  f r o m  the  r e a l m  of sc ience  . into . t h a t t o £  s p e c ~ l a t i  

. I -  

. \ "  . 









Element 101 - Mendelev ium (Mv) - This  n a m e  honor s  D i m i t r i  Mendeleev, 
the or ig ina to r  of the  per iod ic  l ab l e ,  Incidenlal ly the adoption of th i s  name 
Irclped e s t a b l i s h  f r i cnd ly  in torna t iona l  relations at the G e n e v a  C o n f e r e n c e ,  

A l l  of t heac  a r e  a r ad ioac t ive ,  s o m e  a r e  P "  i n s t ab l e ,  and s o m e  change 
b y  K c a p t u r e ,  which i s  cquivalent  t o  being P+ emitlcrs.  Spontaneous f i s s i o n  
b ~ c o m e s  i nc reas ing ly  impor t an t  with atomic we igh t .  In fac t  i t  i s  the 
clatormining f a c t o r  in the  half life of ferrr l iutn.  The rale of a d e c a y  a l so  
incroancs with i n c r e a s i n g  a t o m i c  weight.  At present t h e  definil ion of a n  
elamctlt s a y s  i t  m u s t  have unique c h e m i c a l  p r o p e r t i e s ,  Ext rapola t ion  of half  
Life indieatcs [.hat b y  t he  t i m e  e l e m e n t  104 is reached it wi l l  have s u c h  a 
short half lifc that we wil l  not have time to  p e r f o r m  c h e m i c a l  ope ra t ions .  
We can, howeve r ,  p robably  identify nuc l ea r  p r o p e r t i e s  s u c h  as d e c a y  r a t e s ,  
a n c r g i o s  of r e su l t i ng  p a r t i c l e s ,  wave- of r e su l t i ng  x- and  y - r a y s ,  e t c .  
for anothcr f o u r  a t o m i c  n u m b e r s ,  So  oncc aga in  the  "end'! of the  per iod ic  
lab16 is in s igh t .  E l e m e n t  103 should f in i sh  f i l l ing t h c  5f s h e l l ,  s o  104 would 
I)e l ike  ha fn ium,  105 likc t an t a lum,e t c .  T h i s  a r r a n g e m e n t  is  shown in  F i g .  1.  

It is thc ab i l i t y  t o  predict.  i ~ c c u r a t e l y  the p r o p e r t i e s  of these new 
c:lc)tncnts that  m a k e s  t hc i r  d i s c o v e r y  poss ib l e .  o r i g i n a l l y  work ing  w i t h  the 
\*are e a r t h s  was m o s t  t cd ious .  Somctimcs years  of fractions 1- c r y s t a l l i z a t i o n s  
w e r e  nccdcd a n d ,  e v e n  then ,  p r o d ~ i c t s  w e r e  not s p e c t r o g r a p h i c a l l y  p u r e .  
This s i tua t ion  w a s  i m p r o v e d  du r ing  tho  w a r  b y  the d i s c o v c r y  of su i tab le  ion- 
oxchsnge ko lumns .  The technique of ion exchange involves  the  a d s o r p t i o n  of 
a mixture of ions  on a n  ion-exchange r e s i n  followed by  se l ec t ive  e lut ion f r o m  
the r e s i n .  The g e n e r a l i z e d  equations f o r  adsorption of a c t i n i d e s  and  l an than ides  
on ca t ion  ion-exchange r e s i n s  a re  , c 

t '  > L + 3 N H 4 R  + ' M R ~  + 3 NH4 

followed by 
4- 

" , '  
I '  

M R 3  t 4 NH4A - M A  4 ' + 3 NH4R + N H ~  , 

w h o r e  M' s t a n d s  f o r  a n y  t r i v a l e n t  l snthanide o r  ac t in ide ,  R is the f ixed 
p o l y m e r  part  of the r c s i n ,  a n d  A is a monovalent  anion.  As the  solut ion 
moves down the co lumn ' these  two r e a c t i o n s  a l t e r n a t e  and each "M" p r o c e e d s  
at a s l i gh t ly  different ra te : ,  Thus' bands orz zones of ,the5different , ions  are 
formed in the column.  ;.An example , i:, .gf ex~hapge~reqiqs -is, D o . ~ e 5 - 5 0 ,  ;a 

, ' , -, ci> ,. .- \ cation exchanger whikh-was used in'the'seti%nsuranikm dxperirnents. .  I t  . I is + - + , ,  ., -. 
L.* 

a ~ ~ ~ n t h e t j ~ ,  pbl$rmer >free :sulf&ic:%acid . ~ t o u ~ ~ ~ I  2 )  ; . .  . ,,' , I -  . '  *: . , .' = , - % ., , r, p . ~ . : ~ ~ L  cL5' 

, , . , 
' 

A $ - ; A " . .  ,A;.{ , < < -  := .: > + ! ~  . 
F c  : =  ;,,- 5 .? ,>: .,::, ,:: , 8 , ,> .: I , , :;L& ,2 ,%) ;* 
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In making mendelevium a spec ia l  technique of ' 'bombarding from the 
r e a r u  with 41-Mev helium ions was evolved, Only the t r ansmuted  element 

- had a forward  motion which separa ted  i t  f rom the unchanged einsteinium, 
This  simplified purification and preparat ion of the  counting sample .  

Only the f i r s t  four t ransuranium e lements  have been made in  weighable 
amountqand  of these  only plutonium has  been made in m o r e  than gram lets. 

- F i v e  thousand atoms sufficed for  the identification of californiunl.  An 
aggregate  of one hundred a toms  was  enough to  identify cur ium and one lone 
atom was a l l  the mendelevium identified a t  one t ime .  This  was  done 15 times 
before  i t  was announced to  the world.  It could be identified because  it 
spontaneously f i s s ions ,  the reby  re leas ing  unmistakably la rge  amounte sf 
energy.  

E lements  99 and 100 were  f i r s t  found in 1942 in the d e b r i ~  from the  
"Mike" thermonuclear  explosion at  Eniwetok, Uranium-238 must: have 

- captured 15 to  17  neutrons and then undergone 7 or 8 P- decays l o  ond up 
with what is now known as einsteinium and  fer tn ium.  
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ROCKETS 

W .  M .  Brobcck  

D r ,  S'hsrnton introduced M r .  Brobeck as Chief Engineer  of the 
Labora to ry ,  w h s s c  abi l i ty  i s  evidenced b y  many of our la rge  machines ,  
sepocrol ly tire Bcvat ron ,  His present  in t e re s t  i s  rocke t s ,  and his f r i ends  
laughingly t e l l  him his  Bevat ron  will  never  ge l  off the ground.  

T h e r e  irs a p r o g r a m  studying nuclear  propulsion of rockets  a t  the 
I ,nbera ts ry ,  but no  m o r e  will bc sa id  about that phase .  

Rockcts  a r c  propel led by emit t ing a m a t e r i a l  f o r m e r l y  c a r r i e d  b y  
tho rockct .  T h e y  a r c  self - suff ic ient ;  they do  not react: with o r  depend on 
lha i r  ~ u r r o u n d i n g s  for c i lhc r  power o r  s t e e r i n g ,  They arc: chiefly of 
m i l i t a r y  valuo,  the i r  pcacc t imc uses  bcing r c s l r i c t c d  to  d i s t r e s s  c a l l s ,  and 
cc!lsbrations.  

Rockcts  wore  known in China as  e a r l y  a s  1232,  The  fuel  was gun-  
yowdar ,  T h e y  were  widely uscd during the Middle Ages but w e r e  supe r seded  
by gunsbbucause of the gun's g r e a l c r  a c c u r a c y ,  e spec ia l ly  aftcir h e l ~ c a l  cu ts  
in  thc b a r r e l  wore  invented to  give sp in  to the project i le .  

During World , W a r  11, rocke t s ,  both l a r i c  and s m a l l ,  w e r e  aga in  
widely uscd,  The chief value of s m a l l  rocke t s  i s  that thky have no launching ' 

r e c o i l  or  kickback, and the launching device itself is  light and s imple .  

The rockct (bazooka) ,  plus shaped c h a r g e s ,  made  it possible  fo r  a  
foot so ld ie r  to c a r r y  the equivalent of a 3- inch gun capable of,knocking out 
a tank.  Rockcts  can  hc f i r ed  from a i r p l a n e s  without in t e r f e r ing  wi th  the i r  
mancuvcrabi l i ty ,  fi 

. 
In the l a ~ t  months of World War II the G e r m a n s  brought l ~ n g - d i s t a n c e  

rocke t s  (thc V - 2 )  t o  a s t a t e  of perfect ion n c v s r  previous ly  approached.  Be- 
fore thc w a r  many  G e r m a n s  wcre  avid rocket  fans and had a n  ac t ive  a m a t e u r  

t club; pureky f d r  a m u s e m e n t  they l e a r s c d  to  make rocke t s  tha't could r i s e  to  
1/4 mi lo  o r b e t t c r .  WhenHi t l e r  c 'ame t o  poyier thik w a s  used ak'the c o r e  of 
m i l i t a r y  clevelopments tha t  wkr'e, a lmos t  'too successfu l ,  ' In World War I the 
"Big Bertha;" which'bshelldd P a r i s  f r o m  8 0  r n i ~ & ~ ' a i v a y  h$d on!* 25:lbtof - 

/ - -  

8 .  ' ...- 1 explosivki in  the hizkd', ivherk'ks tll; vZ!~ 'cohtaindd'a ~ b n ' b k ' ~ B ~ ~ . ~ i & d d  that, . . , a * / -  _ . 
and they had a ,200-mile  range '  with an' angular  a c c u r a c y . ~ o m ~ i i ~ ~ b l ~  -t& be=t::.+, ;:.:.,;' I I 

a r t i l l e r y  r e s u l t s .  Before  launching', the. rocke t s  w e i g h e d ~ ~ . l 3 ' ~ o n s ~ ~ ~ ' a t i d  '.<'i'm i'i:--,,+.'l 2 * .  , 
I 
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n of rockets is by intended use. 

a. Some 40 V-2's captured at the snd  of tho war  and launch~d  ----  . - - -  - . - -  - =  . , from White Sands Proving Ground, N, M .  

8 / 

b. The Perobee 
, ., - r n ~ -  v r : t - : - -  

ace to "---'- - -  
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Following tho s?me ,reasoning 6 . for  " the s,j  % ,satellite gives? . .  . = , , <.. , : . ' . , .  , \ -  < - . , - .  ; , , .  1 , .  ,. ' : Z > > '  ' 4  8 , ;  - . .- 
M l  26,000 t 

4 ,  J,'? 2 

= - 5 6 , ,  , . T = e '6-440- = C 

or  (MI - M ~ ) / M  or 90.2% of thcssatellite rocket must be propellant. .  
I *  

I / 

Thie looks ra ther  discouraging, but the difficulty can'be overcome 
by making a multistage rockct.  If each stage had a rat io of 3 , 8 ,  the over -  

3 ratio woulcl bc (3.8) or  56 to  1 ,  which is  possible. However, if the pay 
load is to be 1/4  of tho dry  weight and the final satellitelweighs 25 lb, 
ealculatione show that original ground weight would need to be 

a - 
4 x 56 x 25 = 90,000 pounds. Obviouslyfrcight r a t e s  to a 

satcllitc will be  highcr than pony express  charges were. 
% I 

A rockct i s  inhcrcntly unstable in that it i s  pushed rather than 
ptrllerd, t h a r ~ f o r e  'tho c~taering mechanism must beldelicate and ,reliable. 
A8 long a@ the,path i s  through a i r ,  fins may be a,dju,sted, but above the , 
atmosphere the only control i s  by~chanying  the arigle of',the gmkrgent je't. 

+ ? I  

Thi., in turn ,  rcq t~ i rcs 'p rope l lnn t ,  therefor'e all steering'rnust be 'done i- , 
' 

early i n  the flight, 

Another problcm i s  prevention of burning up (like a meteor)  when 
tho roekot re -cn tc rs  thc ca r th ' s  atmoephere. This means res is tant  
materials in the f i r s t  place or  saving part  of the fuel for retardirg action at  _ , I  

I kc  cnd of thc flight, Obviously the problem i s  challenging from every 
point of view, including tho financial one. 

M r ,  Drabcck then allowed himself some brief speculations about 
spaca t rave l ,  but warned tha t  a n y  coneistcnt reader  of current  "space" I I 

, 

l i t s rnturc  was already  'way ahead of him. 
, '  

I-lc compared thc "figure eight" round t r ip  to the moon with the 
panteon bridge of space stations, and felt that the latter was more  "practical" 

-+  

if :tuch n word belongs in this discussion a t  al l .  
c . >  - , < .  

# .~ 
* i i  If tho question a r i s e s  a s  to why one should c a r e  to visit the moon, . . T 

two answer8 are  L ' .  - - 

( 1 )  for prest ige,  

(2 )  to scc  what the other side Looks like. . 
In tlrc absencc! of pari-tnutuel facilit ies hc is  offering odds that the other 
side of the moon looks very much like this side. He mentioned the . I  

po6isibility of using the "space stations-s television relay posts s o  that . , 
I tlra Russians could a l so  look at Milton Ber le ,  but did not say whether he . 

thought that would ease  o r  heighten world tensions. Par t i c les  shot off.by , 

radioactive mate r ia l s  could in principle be had for rocket propulsion. *.-'- I - 
The attainable thrus t  is extremely low, however, s o  that such a rocket, 

,-,*; .-.< r - could not leave the surface of the ear th .  'Once,in a satel l i te  orbit i  howqvetj, ,-.,,,, ., . J , . - 8 7 . _  , . , c r : ~ - . . ~  

any th rus t  would produce an  accelerat ion,  s o  that such a syste&.~ight!be~~-; . ,~~; l?;~  -.": 
. . , , , - !., "< -c - , " ' < >  

x: ,.,"2 L.? 
considered for travel i n  interplanetary:'gpace. , , - , ., 
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M e l v i n  C a l v i n  

t n a t ~ r i a l  he ~ o v e r ~ d  is  avai lable  a s  l i s t ed  Later in th is  pape r .  l here fore 
t h i ~  report merely summnrizos s o m e  of the high points.  

Originaily only c'' with a half Life of LO min was  avai lable  
atud i l :~ ,  but now l a rgc  quant i t ies  of c ' I  with a half Life of 5000 y e a r s  i 
available from nuclear r o a c t o r s  a n d  that  i s  being used in c u r r e n t  stud 

kil l ing,  and analyzing a lgae .  Chromatographic  m e t  
D r .  Calv in  was careful t o  explain solemnly that  tho 

rapsr l .  

The queation o r  "heckle" 
d i s c u ~ s i o n s .  





Thir reprerante the conversion of carbon dioxide andl water to csrbohydrate and 
owmn by @on $&ta i n  the Upat. The reaction i e  separated botb chranola- 

, ' -  
@ ~ a l l y  and chemically Into tvo parts: the photolyrie of vatur, , 

%O 

reduction 

C02 

nhv ----+ 2[~] + 1/2 O2 , ' 
of cerban dioxide, , d 

I .  

+ 4 [HI -------+ CU*O + H20 . , , -  

, ' 

Each of  thoae two rcactiona rcproecnto s complex series of reactlone with nrnny ' 

stopa, Tho tcm []I] l o  uocd to denote roducing agents generated i n  the photo- 
chcmlcel dcconrposition of mtor. Theso reduein& wonts probably undergo seve- 
ra1 trenoformtiono before they are wed i n  the reduction of carbon dioxide. 

fitudicd and the reoulto of theae,.ottidies 
pepore on "!I!lrc Path of Carbon' in Photooyn 



ethanol, A l l  enzymatic $roceosos are thereby quickly halted. Extraeta at  thg 
plant material are male, concentrated, ' and then analyzed by tuo-diruomional 
paper chromatosaphy and radioautographye The techniques ot  two* mlonal J 

1 
chromstogrnphy and a 0 i ~ u t o ~ p h y  of p a t  extracts labeled vltb C havo bodn 

15 em w e l l  oe the idonti t ieat ton ot u e  arrmcroun -ied con- dcocribif, KM:Zj, 7) Th pundo. e radloautographo ob ined from apcrimonts of  10- 
seconds and &-seeondo photooynthosim with C& .n in Fim. 1 and 2. 
The &-second expcrimont illuotratee the importance of var%oua 8 U m  phoophrrter 

. . and acid phosphatca in corbon reduction. The 10-oecond uparlment ohow theLS p&domlnance of p h o s p h o ~ e r i c  acid a t  ~ h o ~ ~ t b e s .  If the parcontDge of C 
' , - in phooghoe;lSlccric acid (PW) of the t o ta l  C incorporated durinl3; photooynthe- 
-1 eie for  varlou6 short p w i o  of tims i e  extrapolated to zero ti-, it $a found 

thDt at e m  time tilo 8 i:bati be in p h o o p h o ~ c c r i c  acid. mta cowpow 
I ie thereford idant1f:ed as tho firat corqpound into which carbon dioxide &a lncor- 

p~mtcd Fn p h o t o ~ y ~ ~ t h e ~ i ~ .  

Fig. 3 shotrs,thc diotrlbution of the labeled oarbon i n  the thrca corbon 
atom of tho C;Lyceric acid obtained from tho  pho~pho@yceric ncid i n  a 15- 
~ocond cxporlunt. E a l f  of the c14 is in tho carborgrl e r o q  and the othor h d f  
is dividcd eq- betwean the other two carbon ntomo. From tho o w  cxqxxl- 
merit eomo hexme (fructooe and @UCOGO) W ~ S  obtained a d  dC~adQdr Tho dlotri- 
bution of carbon i n  the two 3-carbon hciLvoo of the hcxooe urn found to bo vcry 

, % mch the 6aae BD i t  f~ in tho throe carbone of glyceric wid, Thie rcoult  h- 
J mcdiatbly ouggeoto that, thc oix-carbon piece 1s m l e  from the two tbrco'a by 
, joining the two cmboqyl carbon'atom, Thla i s  simply o rcvcronl of thc wcll- 

knoy-i alilolase sp l i t  of fructooo diphocphate i n  tho glyco2ytic ocqucnco, a part 
, , 

< 

pf which l o  shown i n  Pig. 4. flero tho pho~phoGlyccr1c acid i c  rcducccl with tho 
. .  hydroam from the gho'cochonicnl reaction t o  wllich i o  

thea $oo~i'~crizcd to fom dihydro.uy~~~ctone Condcnoatlon of 
. . phocpho~lyccraldehyde h t h  D U P  thcn-results  i n  forrat ion of the  hcmoc, fruc- 
4.' . tobe-l,6-dfpI~osphatc.. Thm, tho t u ~  carbon atom vhich were or1f;innlly cor- 

atom finaUy fall in the addle of the hexocc chcln. :,It ,ie~cplte - 
t be con% compound tha t  dcccpto the carbon diorddc t6 fom 

a ~ - l d . ~ ,  Ihirthermoro,, thht  coir@ound mot bc reacnerated from thc PGA 
ric - > acid) . , .  . ; trioqc phoaphatas, and hexom phooplmte~, o r  GOMZ other 

d;'froi~~,thciri, It 'is thus evident that thcrc is a cyclic proccoa. 
reditction of :carbon a z dioxide. ' 

, , . . 
8 " 







Doforo coneidcrtnp, t h o  nature of t h f a  cyclic procesn it IG of i n t c roa t  to 
mention the otcpe l c d i n g  fron f r u c t o x  diphooplt~~to to  t h o  final product of . 

phetooyst?iealo, Gucrosc. Thcec! utepa wro idcntSf icd uf tcr the 1nt;crfi;ztliuto 
coqowlde wcrc iuolatcd by papcr ch.roiml;o~yaph;r and ralionuto~~opl~ Fig. 5 
6houe tho re)abiollohiy thtrt was found, JIcrc arb shovn the g h o c ; p l ~ a ~ c c r i c  acid, 
fruetooo cUplrsophate, and tho various hctnnformtiono tht lead ultirr3tely to  
~ luco~c - l -pho~p1~~1;e .  Thllio coqound reacts Kith u r i d l n e  tripho~phate, t o  u tce  
uridine diplrsepl~o~ucooo.  Uridine dlyl~orrpho@ucose (UWG i s  found on t h e  

14 paper, w i t h  the pucose moioty lubcl.od rrftcr very ohort C O2 expocureo. W G  
can then react i n  one of tw w e :  either with fructonc-1-pno~phrrtc t o  fc r rm 
aucrooo phoophato vhioh then ie phoophutnced to aucrooe, or dlrcctly with free 
fructoue to form oucrouu in om operation. IIotmver, since o m  roldom fin& any 
trca lsrbol~d fructocc, the f h a t  of theco a l t e m t i v e a  appears to  be tha major 
patlrwrry for nccn lcavoo. An enzymo performing the resotion 

UM'G + fructooo phoophato ------, sucraee phosphrrto 

hm recently becn prepared i n  a partial ly purified etnte by h h i r  in Argen- 
tina. Fig, 6 ohorfu the etrmotural fonm~la for tho UDPO and its reuctlon w i t h  

C5 Md C7 Bugpro _. ,  - A 

He now return to the problem of cyclic regemation of We carbon dioxide 
acceptor. The roloe of PGA, trioae phoophatco, hoxosc phosph~tca, W G ,  and . 

sucrooc havo already been idcnllfiedb Of the compounds labeled by short periode 
o f  photoo~tlreole, thcro wcre lcft  only the seven- and five-carbon e m  phos- 
phntco . f h c m  mrc tulooe-7-phouphnta (i31@), ribose-4-phocphate (NIP), 
ribwoe-5-pho~phata and rlbulooe (Uphoophate (I?-). , A  

' I 

, - 

An athnpt nude to dntermine the order of occurrence of theoe compounds - , 

by the DWD technique ao nw, w e d  to identify PGA ns the f i ro t  product of C02 J , .  , , -g 
/ _ _  _ f imt ion .  . . L~ 

Since the rcs~ctions of carbon rcd~~ct;j,ori rzro 60 rapid, s low cryatcm wae &- 
a i p c d  to obtain d d f l s l e n t l y  chdrt pcrlodqO o f  expoowe to Clb ta p e d t  

j) obacrvution of t h e  rclntiva rates of labcl ing of the Msioue ougar gbocphntee. 
Tho cyotcnr uced i o  chorrn i n  Fig4 7. A auaponaion of hlgao m s  forccd by m2me 
of a pump from a tran~przrent tnnk through n cngth of trmoparcnt tubfng into h 

, - 
, I 

boilin8 n c t l ~ n o l .  An aqucouo aolutian of' ~1 v q ,  injected; at a: constant rat&.; 
Into the tubing.  ~ T h d  tiis' of eq$ib-&e 'bf the ale= to ~ 1 %  wne determined by a ,.,- 
tho ratc of f l o ~  of &C.-E throu& the tubing and the length of tubing between - 

I 1 I .  

tllc point of injection rad the k i l l i n g  vl'th ructhc~~ol. In this way expczcwc , , -  - , . 
f *;\ . , ,* 

ths r,mr$ng froa 1 t o  20 acoandoa were obtained. When tho ~ o w t i Y l t y  found , '.>: 

" $ .;,. 1 : i n  cnch of the 6ugar.phosghtca wm cxtrapohted fo zero tim of e m o b h ,  hov-::-~,:~.,;J 
* 2 

, over, no choicc could bc m;dc bcQrcan the p c n k s ~ , ~  p-~e, .and h c p t ~ ~ ? ~ : g o < $ b q t $ < . ; : ~ ~ ~ ~ ~  
, r  +;;?:<, It oppccrcd 'th:\t nl l 'worc  fornkd nt tho  abmc tlxe.' 1 t v ; i o  j~@cccoky.pyi - %  - L, ~therci~ofe,:to $ i  -.. , i;z~:s 

t- to clcp:!d&ion o t c 9 . i ~ ~  of theao vpkiouo . , phoophptcu .hb-~lcd'!n,~tfi;?,;.%&~~-;~'f 
> T '  _ - .,--- * .  .. . ' i: - r c  . ~ , < $ ~ i < - ~ . ~ ~ i  

ahort e:,2:murca. I _ I  j . ,  
L , + k L 7 ,  '* ;>, \<>.*,?.' -?'-<,$+ *d,;,,,b- "\ .  

' - 7 .:, r +  
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Ion  between the three-carbon 



Fig. g - 





A l l  tkg rcuulto t h u ~  far vero obtained with the first type of e~~ct imont ,  
a l a  trhiclr C O2 tm aililcil to planto f o r  a very short period (1 t o  60 a c c o n ~ )  

bofokc thc plmta vcro killed. A acconrl Lyge o f  e q c r i m n t  vno wed for the 
ld~ntiflcrrtiou of  the CO acceptor, In thie c u e  once again tho starting con- 

@ dltion rreo M uctivcly &oboyntlrcoizing almu ~uopens ioo  i n  "steady-otute" 
condition. In addition, tho intonmcllato conigoundo vcre "ssaturetcd" vith c14. 
Th n W M  ~ccoqli~llcd by' leaving the p h t a  in contact with en atnosphere of t CI -hbolcd COy, olnintdned at c o o ~ t o n t  upcaific octivlty MdCqaprcosure, 
for abro than aq hour prior to the c t a r t  of  tho cxpcribent,' Under thla c o u d b  - : 

f , 
tion, tho conccntzation of each lrrboled lntcrmcdlrrta compcurrd can be determi- . 
md from the raiticcarbon found in that colrlpound on eubecqwnt a m l y s l g  ,by chm- 
mtegraDhy and rtdioautography. 

Aftor thin i n l t i n l  ~~'-onturated etcorly atate mo obtained, allquoto of 
tho algal  cuapcnaion wcro tallron at frcquont int;ervale for analysis. Thon sonre 
errvirolanrcntal condition ouch ar, Uat  waa eucldcnly chan&ad. Aliquot8 of the 
algw wcro W e n  a w r y  two or thrce sccondo $'or Sout a miauk, an8 than at 
Ieoe fYoqucnt intervals. Analyola o f  thcao aliauote showed the v w  in which 
tho conc6ntrationo of tho w i o u e  interrne&atea varied, as o reeat- of ne en- 
viromntal  change. 

In the i i r o t  such otudy2) the l ight m a  turncd off. It t feud d t  the 
concentration of PGA inoreaccd vcry rapidly whila that of ribulose diphoeghata 
(RUDP) dccrcoocd rapidly. Tho cuulto of a later, eomcuhdt mom refined, ex- 
porinmt are ohown in Fig, 11. 01 ncre it i o  scan thnt thc concentration of  
RuaP dacrcartoo to  below a detectable amount (a$ of i t o  initial ya2ue) In about 
30 accondn. Thccc chrmgeo i n  concontmtions can be a c c o w W  for if we w o w  ; j 
tho folloctingt the reduetion o f  PGA tq W o o e  and the fo&tion".of R i d P  "-+ ' '  ' 
roactlonc requiring U&t; RuDP ie convortad to POA via a carboxylation rendtion 
thot doclo hot rcqutre light. 

I' 

Cl?lcac rolntiona are shovn in FIG. 12. PGA 16 redwed to ltsiose phoeph~te . 
(at tho c u w  lcm1)j t h c  trlooo pho~ghate then underppod' a series ~f mwmiqp- 
mcnto, nuch ar: tho oncm bscribcd onrlicr, through tho hoxose, pcntooc, and hep- - 
tom, back again to tho ribulocc-5-phosghate, '&lo 1e all a t  the  a u ~  level 
of oxidation ond roquirc~ very littlc encru  for its operationr There is then 
GOZC 1I~f iht  rcquircmncnt for the fomt ion  of RuClP froni Rid@. The reductiori "ijf . , 
PGA rcquirac both rcilucing over, rcduccd triphosphopyri~ne nucleotidc (TPllX), 
nncl adcnoaino t r iph~qhntc  P AW) , while tho. f o m t i o n  of ,' R&P h.dm RuMP requires 
Am, rro w i l l  bc ccon later. hth theee cofactorti are produced at  the required . 
rnta only when tllc U&t la on. Thus, whcn tho llat ie turned off .the rate - .  

of fom~ction of RuDP and the rqte of qcductlon,pf Qcrcaae but ,the,-te .o<-:: . ' a  r (  A 

- . .  c u r b o > y l ~ t i o n  of RuI2P '%d fonh PC!! ' contlnufd u~ffe'ctbd ' &&t by ' th~con&ntka- ': . : : 2 . ; A 

t i on  of RuDP. L - .  - ., 
- , ;  Y ,  

, - \  

From thc above ~ c h c m  it urn pocsiblc to prcdict the recult if the U&t 
were lcft  on but the C% prccsurc were ~uddenly dccrcucd. In that  event, the 
carboxybtion of RuDP to form PGA nhould dccrcircc but tho fomt ion  of RuJP and 

,' , the reduction of PGR o1~oul.d be unaffected. Conccquently the concentration of . .,, . ,., 

RuDP olmuld rlno vhlle thot of PGA nhould f U .  Thio experlmnt voa pqfdrnaede) ..' :: i' 
I:,, < .  and tho cxpcctcd rcnult, ohom in Fig. 13, M 3  obtained. WienDthe C% preesure :', :. ,.  ; : 

< - , % S  . . , :. : ' 
I ,, * , ' - , , #.L> :' . .  . ,. , 

, <  -, . %  < < . '  - .- . . $  
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tiion of  carbon atom No. 3 of  the ribulooo to the carboxyl levol, tho mum 
woarb~qdiemuteos'' o ~ e a t s  iteelf , ae -wriguoly deacri ptive . It i e  intcrest- 
ing  to note thot tho enzyme is not readily demonstrated in an- tieeuoe (rat 
l h r ) ,  and that it can be obtai cd from ayinach in  aeoociation wlth tlw hi- , '  

I 
Wppniz84 o d b t  chloroplaote,uy froom which 4% is uxtrem4.y eeDsly ecp-ted. 

I It doe6 not appear to be copecially eenoitive to vereane, o-phcnanthrollne, or 
Omlad, but it 10 a ~ n o i t l v e  to p-chloromorcuribenz~te, sa inhibition Wt i n  
reveroed by cyetoino . 
Chemical Roquirc.nente to R u n  the Cych 

Wa now ham the cycle in I t s  &tail& (pig. l k ) ,  and we nuw b o w  prcclsoly 
what roegorate are requlrod to mnke the cycle turn. It cah be seen that the 
requirorasint for tho raduction of a PGA molecule to a trioee i e  one molecule of 
frfghoeghspyridina nuoleotide (TPNH) and om wleculo of &nosine triphoophate 
(ATP). Tho only othar enorgy roquirommt cornea st; the point af aonvercion of 
R W  to ~ u D P ,  whom mothor moloaule of ATP l a  used. A calculation of encrgetio 
owpoudd  ncacled per C0;1 mleaule entering w i l l  show that the net requirancnt 
fOs the reduction of one mleoultr of C* to the carbohydrate level l o  four equi- 
m h n t o  of redwin&; went, or four eleotmns, and three moleculen of AW. The 
four eleotrono are eupplled by tvo mleauloe of TPMI. AU-thoce required co- 
fahtora rauot bo m b  ul th to ly  by the llat throua the conversion of' the 
ehetroms&mtio uncrlpr i n  oom uoy. It m o t  be emphasized that in  thie require- 
mont for reducing carbon thore i a  no pwtfcular rcquircmont for a photochemical 
reaction othor thon tho production of tho two rcagento, If we could supply 
ekoeo two thin@ fiam oorno other source than tllc photochemical ramtion, we 
rhould be obh to rrrnko t h i s  wholo eoquonca o f  operatiom fuact4on. We have 
roaeon to belleve that t h i e  l o  indeed being &no by the use of Cho raquirod col- 
lection of onzyama. But; a auitable situation oxiete i n  nature also. The aitus- 
tloa i o  ouch that tm muet have eLmulta~couely a high level of this particular 

t , 

rtduelng wont c vhich we nov knov can be tripbephopyridlns nuoleotide (TPN) - . , ; 

.gdATPatthamnatj lOomdtheerrmnp&e. 

I R&ng the Cyclo Wltlrout L i & t  



In order to 6etimrrte 

of oxygen, two 0% thrco moloculco of AW can be produced. Therefore, one c m  
oupooac thatwlwn oll tho enorgy for the operation of t h i s  cycle cornea from ' 

lidit, tho u h i m u m  qmtun~ requlrenient m u o t  be s ix  or eclren, That l o ,  four 
electronc ara naadcd for tho reduction and tvu, or three mom for the three mole- 
oulco o f  ATP that  w e  rcquirad. ~Iowcvcr, it ohouls. bc poooible to find aorzbl.- 
tlono uu&r which the qumtua raqulremnt for tho  reduction of COO nnd t h e  
evolution of oxygcn would bc ao l l t t l a  ae Pour, yrovidcd there w e b  aoma other 
oource bcoidc?o 
been rcalizcd. I 





' -  
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Chapter 147 , ~ 

+ _ , 

O)NW ns in .  Thc quenturn i u  f i r o t  aboorbcd by chlorophyll and converts water 
in- ~ 6 ~ ~ ! t h i t l ~  UI:L~ r~dm Q reducing agent DI] m d  Oonlo oxidizing agent LO]. 
I h o  reducl~ia agmt c w  roducc the W c o r i c  acid t o  t r i o ~ o .  Sara of thc rc- 
ducing ogsnt mot bc wcd to make Am, with oxygcn or the intcrwdlntco on 
tho uo;y to oxycan, bcaauoo t ha t  10 nccoaaary for the  cyclc to run, Mlut wo 
wioh ta conoidcr rlow l e t l l i o  point of conl;act, [la, bctuccn the photochcnlical 
apperatuo MB tho carbon cyclo end what information about the quantum convcr- 
oion we can win fx%m thio otwly. 

Ida6 Inhibition of TCAICycle Incorporation 

An axgorimnt woe carried out i n  whioh a eteady s t a h  ww sxMlincd and t h e  
clraneeo induced by a euddcn change of conditions wore obeervad, Pig. 20 ahows 
4JIa rcoult of thiu oxporlmnt. Here i r  the e m  type of experiment aa before, 
but w i t h  tho exaraLnstlon dlrcoted t o m  aifferont aubotanaes. Attention i e  
tooutlab on elutomio acid and citria acid, and it will be Been t b t  whilo tho 
li&t i o  on, the rate of iormntion of radioactlvol glutomic acid and rodiooctive 
c l W c  mid l a  quite l o w .  But hmodiately after t he  Ught i e  turned o f f ,  the 
rat@ of t o m t i o n  of thoae labeled acids i e  imreascd manyfold, Olutamlc and 
oitric a c i b  nro two carqpounda wry cloaoly rahted  t o  the respiratory cycle 
hewn aa tho Krube cycle, and Pig. 21 dcscribeo i n  ochematic t o m  tho mte- 
belie rehtionahipe Lcrnding to the experimental facte wo hsve .Just men.. Rare 
ie  ahown tho photoeyrrthotio oycle and tho Krobe (trictwboxyllo scld) cycle. 
'hQ glutarnic aaid and c l t r io  wid are i n  or related t o  the KreQe uyclo, The 
photaoynthotlc cycle doeo not contain olthor &u.t;Mlic or  c i t r i c  acid but  doe8 
form PGA and aqpra.  Eventully those dlreot products of the ghotorjynthettc 
ayclo hnvc t o  bacom curbohydrotee, protclno, MB fata, nnrl ultimrrtely they 
v i l l  &ot back into thc triccwboxylic acid cyalo. Thnt is tho mjor route i n  
tho lidrt, Dut i r d a t o l y  a f t e r  the U@t l e  turned off a direct connection 
batween tho two cyclea 10 apparently mads which rrlhwu the PGA to be tronofor- 
md directly inta tho coqpoundo of the tricarboxylic acid cycle. Fig. 22 ohotro 
the d o b i l o  of that  mcchaniom. Cwbon ccur anter tho tricarboxylic acid cycle 
via acctyl Coenzyme A, condonoing with ox~.Ucetic acid ta dve c i t r i c  acid, 
thence continuing around thie  cycle and via 8 elde reaction to glutamlc acid. 
T'td quoation Ior how is dycorio acld converted t o  acetyl Coonzynre A? Thie 
mot hngpen ragidly in the dark, but not vcry rapldly in the light. Fortunately 
we hevo eonuJ idea how acotwaA mny ba formed from glyceric acid, and Fig. 22 
a)rowa thlo. Tho elyceric acid 18 daphoophorylatcd ta form pyntvia mldj the 
yyruvic acid then rcactcr with an cnzym eyotem, of vhich thiootic acid lo  a 
coetrzym, to fonn acotyl-thioctic acid and carbon dioxide. The acctyl-thioctic 
acid than undcrgoco 8 th io l  eetcr interchain~e with Cd\ to form reduced thioct 
acid curd acctyl-CaA, vhich then &pea on in to  tho c i t r i c  acid cycle, Fig, 23, lh f  

How doco li&t affect  theoe reactlono? The conversion of PGA to  c l t r i o  
m i d  providco fo r  tho entrance of cnrbon into the trlcarboxylic acid cycl 
i f  oomoho'r thie pathww 181 clomd by, reduction of ,.the Level- of-.the dlsW 
the rntc or t r ~ u ~ o f o r  of radioactive, cwbon fron the~~pho tos~~\ thq t i a  cycle 
c i t r i c  acid cyclc w i l l  be rcduccd. Thio sumcoto that .the, limt, ch i f to  thc 
aquil$brium from the diculfldc to the  d i t h i o l  form of thloctlc acid by inducing 
reaction with o o ~ c ~ t h l n ~  other than pyruvic acid, pcrhc.po ultlrzatcly vat&., ,3tn :, - 
tho d w k ,  oxidation convorto tho di th io l  'form t o  the dloulfidc, which OM, aghln , , - , ,.:).. 
catnlyzc tho oxi dctlon of pyruvlc acid to C% ond accty-CoA l, ?lie oyntcsr ' fa ' - -  a - , %  + , 

Uke a valvo t l n t  l o  aloocd by liat, and tha t  controls tho flow of c*o&f+ . , :: 
I 2 '  

! I , ' ., .: ' . .+ 
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Chapter  i 4  

tha mtosyntbet io  oyolo directly into the trlcarborrylic acid cycle. It sug- 
em fhrPt thO di~ulfide may be clooely allied to, if not identicai' 
vitb, fb. m h W n  aceaptor h . o m  the photochcmicol sct. Actually pffu$yl?f 

a agwiPrnt@ ham been perfomed that indicate that thir mp3r be 80. 

2b0 -red r v h t l o ~  between the photooyntbtic carbon reduotion cycle, 
fbs ~ ~ c d  m ~ a t i o ~ U ,  sad the Krebe cycle are shovn in Fig.  23. It ie 
auetgr- that thb rsquirsb, ATP 18 generutad by reactiarre coupled w i t h  the 
aldaflm at mm or OPRB tbmu@l the oybchroms aytatem. 



r, upublliehed o b e k t i o n .  i n  this laboratory. 
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Chapter  15 ' 

MEDICAL AND nIOLOG1CA I, APPLICATIONS 
OF RADIATION 

G ,  A, Tohiab 

Br,  Stu l~bins  introcluccd Dr, Tobias  a s  "the m a n  who paid fo r  running 
the ~yr:lstrcrn rnuch of tllc t imc.  " D r .  Tobias  immedia te ly  d i sc l a imed  a n y  
truelr crodit ,  cleclrrrcd he. was only the agent fo r  in te res t ing  r e s e a r c h ,  and 
sxp1*as8acl sincere thanks and apprec ia t ion  to  the individuals,  pr ivate  
Posrndatrons, and governtncrlt agenc ies  who rea l ly  do  pay the h'ills. 

Hc gave dctai  1s of the rapid growth of and increas'ingj i n t e r e s t  in his  
field of biolsgicirl and mcdica l  physics .  In 1941 t h e r e  w e r e  four  people a t  
tho laboratory inlorc6tecl i n  those topics .  Since the w a r  t h e r e  have been  65 
gianrlualc stutlcntu working i n  this  f ic ld,  about 40 of them a t  Donner Labor,atory.  
A!\ gl'ndUi~tt28 ha vc in tc res t  ins  and wcll-paying jobs. The, demand i s  s teadi ly  
Ir~crrtnsing, and it is probable  thilt a eocicty will  be fo rmed  with r egu la r  
rncletingo and r e p o r t s  to  encourage b roade r  and deeper  work  in this  f ie ld.  
M o w  limn half of roccnt  Nobel . R i m  winners  in biology have been  in the 
l i a l d  of biological phys ics .  Both the tools and concepts  of p h i s i c s  have, 
found itrcraasscl use in biology and medicine.  

I - 1 ~  llrc?n told of the appl icat ions of radioactivity t.o cance r  r e s e a r c h .  
TIlu u8c of rc id~onct ivc  i so topes  (iodine and  phosphorous)  enables  one to  
follow tha couroc of thcsc  e l cmen t s  through the body and thus cornpare the 
itctiotr of nortmnl with  d i seased  t i s sue ,  so  that f requent ly the source  of m a l - ,  , 
I w i c - t  ion entr bc Cir s l  locatccl and then t r e a t e d .  Original ly  the rad ioe lements  
witre obrrc:rvccl b y  moans  of f luoroscopes  and photographs,  but t h e r e  is i n -  
sronsirrg uac of tc lcvis ion cameras ,  



f r o m - v a r i o u s  g lands ,  T h e m  
d s t r e a m ,  and  if t h e i r  con-  

ow and m a y  even  r e g r e s s  for,  a\ . t ime. 

r ,  T o  unders tand  the theo ry  behind the t r e a t m e n t  it i s  n e c e e e a r y  to 
' s t udy  F ig .  1. The body has  a bui l t - in  con t ro l  s y s t e m  of maintaining 
equi l ibr ium conditions,  based  on feedback pr inc ip les .  Its opera t ion  i e  quit6 
s i m i l a r  t o  that  of a t h e r m o s t a t  fo r  maintaining constant  t e m p e r a t u r e ,  

If a carc inogenic  age& af fec t s  s o m e  of the b r e a s t  c e l l s ,  thoy are 
unable t o  p e r f o r m  the i r  usua l  funct ions ,  and send out a c a l l  f o r  i nc reased  
g r o w t h f a c t o r s .  The p i tu i t a ryno t i f i e s  the o v a r i e s  via FSH (fol l ic le-  

, s t imulat ing hormone) ,  and  the o v a r i e s  then r e l a y  the o r d e r s  to t he  b r e a s t  
c e l l s  via t he i r  own hormone ,  e s t rogen ,  and the c e l l s  grow.  The r e s u l t ,  
however ,  i s  like a t h i r s t y  m a n  dr inking s e a  wa te r  - -he only gcte tk i r  sl ier .  
In o the r  words ,  the  mal ignancy grows .  Cutting off the m e s s a g e  f r o m  tlra 
ovar ian  tis 'sue s tops  the growth.  T h i s  can  be  achieved b y  s u r g i c a l  r e m e v s i  
of the  o v a r i e s  o r  b y  admin i s t r a t i on  of a countermanding m e s s a g e   andt to^= 
te rone) . '  Both these  methods have been used ,  and  following them tho r a t e  
of growth definitely d e c r e a s e d  for  a t i m e .  

In l e s s  than a y e a r ,  however ,  the  pi tui tary d i s c o v e r s  that  i t s  

' .  
m e s s a g e  i s  not gett ing through,  s o  by  way of AGTH it  o r d e r s  thc   adrenal^ 
t o  supply the "lack" and  they  s t a r t  making e s t r o g e n ,  which they  ecnd to  the 
b r e a s t ,  and  the c a n c e r  g rows  again.  The  next s t e p  was  t o  r e m o v e  the  
a d r e n a l s .  The  patient c a n  b e  kept a l ive  b y  admin i s t r a t i on  of co r t i sone .  
Again th i s  t u rned  out t o  b e  only t e m p o r a r i l y  effective,  t h e r e f o r e  s o m e  c a s e s  
that  w e r e  beyond a l l  o ther  help have been  t r e a t e d  by  removing  the p i tu i ta ry  
i t s e l f .  Of c o u r s e  a lot of p r e l i m i n a r y  work  was  done with r a t s ,  boge,  and 
monkeys.  

I / ,  

H e r e - i s  where  the cyc lo t ron  c o m e s  into  use .  T h e r e  a r e  only a v e r y  
few doc to r s  with sufficient confidence and  sk i l l  t o  ope ra t e  on the  p i tu i ta ry ,  
X - r a v s  and  o r d i n a r v  radioact ive subs tances  produce in to le rab le  sk in-burn ing  

' T h e r e f o r e  i f  the  head c 





eneral  arrangement of treatment is shown in Fig. 2 and Fig.  3 .  

treatment is used on humans only when a l l  other methods fail, 
ave  been no complete recoveries,  but the rate of growth hae been 

eased. With some animals there has been a complete molting 

- - . - - - - - - - - - - i - - - - - - - I r - - - - - - - - - - - - - - - - - - - - - - - -  







two gonolie eomponcnts. Thie might be compared to deuterium. These can 
again unite t o  makc tctraploicls, w h i c h  might he compared to helium, or  
t h y  can bcgcl their own k i n d ,  o r  can bc made to rever t  back to two haploids. 

In the sxpcr irncnts ,  haploids and diploids were irradiated with 
x - r a p ,  rleuberonn, or protor i s ,dc , 'b  dosagc was plotted against the per - 
c o n l a p  of ~ i u r v i v i n g  cel ls  and it  was found tha t  the diploidslwero much 
more rovistsnt  than  Iraploids, 'I'a make a theoretical curve fit these , *, 

satrvlvnl Isels, it was ncccseary to assume that each genetic ''unit" had ' 
. /  

\ .  

. B ~ v Q s ~ ~ !  "flitas" and that tlrcso must bc darnaged in pai rs  in the diploids to / ;  

inlrlbib grswt h.  

Wlrcn diploids arc i rradiatod,  some die and some live, bu t  those 
tlml livo lrnva intruritad r a c e ~ s i v a  cffocts ,  and if their progeny are again 
irradiated the lotha1 effoct is greater  than  for normal ones,  This  sffcct  can 
br! ealculalad by  probabil ity methods, and predictions agree well with 
tnborniar y rceu l ta ,  

It heen found, however, that the recess ive  effect i s  not always 
permaaont; a f t c r  several generations cell8 may outgrow it  and even become 
more roelstant to furt.her radiation than untreated cel ls .  The  ra te  of 
r e c o v e r y  dcponds on tcmperattrre and other environmental fac tors .  This 
troalnlaat eosms l o  bring out hidden genetic factors in the cel l ,  possibly 
giving time for the chromosomcs i n  the ce l l  to rea r range .  

'fharc is here a n  analogy with radioactive t rans  
atom will not voluntarily depart  from i t s  stable' 
oncrrgy k i c k s  it into n metastable condition then t ransi t i  
other ,  srigin;rlly forbidden, s ta tes  arc possible. Thus 
raa lly t h a  Hama a s  thc original diploid. 







i s  disappearing.  Ernpha~ie  varia8 
Barbara,  with 2000 students, hae only . . 

hy,  can piofitably be studied much earlier than 
h is  is being done in Russ ia ,  with the result  thac h a i r  

parable to our Ph. D's. 




