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t o  interact directly through the so- 
the CNO or "sncrw" cycle. The l a t t e r  
the isotopes GI2 o r  016 produced in helium burning t o  be discussed later.  
Details of the pp-chain and the CEJO-cyc e have been recently discussed (Fowler; 

references to  recent work on the ppchain by Holmgren and Johnson a t  the 
Wav& Research Laboratorg and on the CMO-cycle by Lamb and Hester a t  UCRLI 
Livemore, and by Tanner, PixAey, and Hebbard at  the Calif0 

difference (O.??"' between the mas8 of the helium 

the star in the  form of neutr 
toon9 %xi which the p p c  gBI has b e n  discussed 
neutrinos a m  emitted by 
c&-sso at %he earth's surface and they may prove t o  be detectable through 
observations on the Cl37( U , g a ) 0 7  reaction employin 
developed by R. Davis, Jr* a t  Brookhaven and 

it is 8 mechanism by wbfch pure hydrogen can be converted nto helium. 

helium b m n  I t h  folluwing is t o p s  are produced by successive proton 

the hydissgen is catalytically converted into helium and survive a f t e r  the 

ed pp-chain or catalytically through 
e occurs only if  the s ta r  contains 

Burbk&ge, Burbidge, Faw"0r, and Hoyle) E . These disctussions cover and give 

Techdog$. Both processes result  i n  the conversion kR 1 " i :  --He w i t h  the 
a Insti tute of 

1. release of 26.7 MeV o r  k.3 x 10-5 ergs of energy from the small fractional 

- hydrogen atOmS. fn general, only a f e w  percent 0 
I produced i n  the 

Wrough the 
reference jus t  cited. If such energetic 
ey will have a f lux 6 2 x loa0 neutrinos/ 

Fmr~ the standpoint of nucleoenesis the ppchain is important because 
The 

CNO-qcle i s  important because start ing w i t h  C12 and/or di ii produced in 

t3aptwebP : c18, Id, HIS, and 0 13 b These reach equilibrium abmdanoes as 

en is exhausted. The catalytic a tion arises from the fac t  that  EJ1S 
7, on ca tu r ing  a proton, e m i t  a e& nucleus plus ($2 and Nfi r e s p e c t  

e The EJ E 5 also produces sane 01 ff by simple capture of hydrogen. Thus, 
the original nuclei are reproduced and the chain of rea 
and over again while processing hydrogen into helium. , and B isotopes which 

d B are not produced in th  main- 
a t  rarity ( L i J  Be, B - 10°%NO) 

act. High energy spallation processes i n  the 
for the Im abundance which i 

these elements. 

energy of: interaction is kT- 
all posilively charged and nuc 
tion of the repulsive electrostatic potential barriers. 
much greater i n  ene 
occur a t  all, and it 
per%ies of the interarc 
increases rapidly w i t h  
out on the tail of the 
"he effective interact 
occur ie given by 

7 A t  the central temperature, T F.J 10 degrees the mst probable kinetic 
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where 21s Q, and A II1Ao/(A1W) are the charges and reduced mass of the  
in te rac tbg  particles and ~6 is the temperature in units 
a 4% Eo ranges from 5 t o  25 times kT depending OD *e &arges and 
the temperature. For neutrons charge is aero and ve emressfon 
cannot be employed; instead, 

The density a t  lRhich the nuclear processes occur depends on a variety 
of factors. The rate of t h  
Square of Ule density; for  
cube of the density. Hydrostatic equilibrium between i 
forces and gravitational forces along w i t h  the gas laws 
equations are sufficient t o  
ditions when dynamic effects 
point is that once a given 
gravitationally develop the higher densi 
cause the Washes" to  interact. 

I& degrees. AS 

jus t  equal t o  kT. 

al tm-body nuclear reaction depends on the 
r three-body case the r a t e  depends OB% the 

axplosisrcs con- 

As long as  a hlgdrogaa burning s t a r  has not consumed too nuch of i ts  
hydrogen and retain8 approximately fts or€@nal homogeneous coqosithm, i% 
wfll remain on the main se uence in  the Herrtsprung-Russell diagram i n  whish 

color or  temperature (not centra3 temperaturef). 
approximate one-to-one correspondence i n  thes 
stars of any composition, the massive, brigh 
the smaller, less br i l l i an t  s g red. 

Thus, i n  the main sequence atage of stellar evolution, hydrogen is 
gradually converted into helium. 
energyt and effective energy at which this ~cctllps are glven in Table I. 
This table also contains similar entries f o r  
be described. 

the observed lwuino- 61- o 8 star is plotted against its observed surface 
ntain sequence is an 

for homogeneow 
blue in color and 

The density, temperature, most probable 

processes now to 

Eventually, the hydrogen "fueln a t  the center of the s t a r  Es 
The doubly charged helium does and f replaced by the He4 "ash.8 

except i n  a t h i n  shell surrounding the helium core. This shell naw 
contains the hot tes t  hydrogen i n  the star. As indicated i n  Table 1, the 
shell temperatures reach 3 x 107 degrees while the density is somewhat less 
than central densities being of the order of 10 grams/cd. At this point 
in the star's history, gravitational forces again take mer, the core con- 
t racts  ops higher temperatures and densiaes. The increase i n  
radiat i  up the outer e i% t o  expand 
greatly, the rPurfsrce a Bid e surface 
temperature t o  drop and st he produced in the hydrogen 
bulling shell. The star  thus goes into the red 
evolution which has bee and ~ c m w m h i ~ e ~  

at 10 3 degrees or even somewhat above, and so energy generation ceases 

stage of s t e l l a r  

In time, the cen atures of -10 peer 
and densities of -10 4 onditions the H$W&= 
t o  interact essentially through a two stage three-bOdy proccsss which has 
been studied theoretically by Salpeter7 and Hqle8, and experimentally 
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by Cook, Fowler , h T i t s e n  and L a u r i t ~ e n . ~  This process can be designated 
schematically by 3He SX#&-'C12 where CI2* is an excited s ta te  a t  7-65 &lev 
in C1* which reaches an equilibrium concentration i n  the hot helium and from 
time t o  time emits gama radiation or electron-positron pairs t o  the 
s ta te  of C1*. The overall result  i s  the roductfon of carbon from helium. 
In  addition, the ($2 can capture a free He! t o  fora $6 which i n  turn can 
capture another H& t o  form Nd0. On the basis of present estimates concer- 
ing reaction rates, GI2 ,  G6, and He20 will be roducsd i n  equal amounts 
wit;hin an order of magnitude by the tjme the H e  E is exhu ted. This 5.8 in 
agreenent w i t h  their  observed cosmic abundances of C12:O&e2Ossl: 6r2. I 

On exhaustion of the heli\an*etill higher central temperatures and 
densities result,and if the star remains 
strophic end a t  t h i s  stage, then the carb 
interact t o  fo still heavier nuclei. 
excfiange of W r nuclei OF alpha particles and has 
@-process by Burbidge, Burbidge, Fowler, 
ing the rates of such interactions and this should prove a fruitful  f ie ld  o f  
research for  heavy ion accelerators now i n  operation. 
that th ac-process occurs a t  temperatures near 2 x lo9 degree8 and densities 
near I& g r a m s / d .  Pram the standpoint of nuclear physics, it is clear that  
th i s  sequence of successive burning of heavier and heavier nuclei will even- 
tually terminate a t  the iron group nuclei a i c h  are the most "stable" nuclei 
5.n the sense that  the internal neutron-proton energies are a t  a aclnimum and 
their  binding energies are a t  a maximum in absolute magnitude. Both heavier 
and l ighter  nuclei have higher internal energy content and are less %tablen 
in t h i s  sense than the iron group nuclei. 
i n  the comic abundance curve is i n  good agreement (Burbidge, Burbidge, 
Fowler, and Hoybfi w i t h  the expected equilibrium distribution a t  p-108 
grams/cm3 Bnd T-k x 109 degrees. 
the equilibrium o r  e-process. 

0 

It can be estimated 

The shape of the iron group peak 

In Table I, the process is designated as 

a 

The +process and the e-procesa probably occur a t  a rapidly evolving 
or  even explosive stage of stellar em1 t ion.  It has been suggested 

i n  its terminal stages as a red giant or  i n  its final catastrophic supernova 
stage is a possible site for such prOce8ses. 
brought about by the fact that no further generation of nuclear energy occurs 
after the iron group nuclei are produced, 
place unbpeded. The eqlosion is actually speeded up i n  the inner regions 
o f  the core by the refrigerating action of nuclear processes which  transfer 
the iron group nucleiback fnto l ighter nuclei with the absorption of energy. 

lope mterial of the star which contains 
releasing large amounts of energy on bein 
gravitational Cfollapse of the  envelope materid. do@s just this. 
release by the nucilear reacti t e r l a l  ;further rafseki 
S f s  temperature, the collapse is reverse ion of the material and 
a l l  or part of the envelope material and probably even a portion of care 
nabrid.  is b l m  out fron the s t a r  at high velocity. 

(Burbidge, Burbidge, Fowler, and Hoyle) E that the collapsing core of a star 

The collapse of the core is 

Gravitational contraction takes 

The implosion of the core rexo~es  the  underlying support of the enve- 

The energy 

The result is  observed 
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astronomically as the occurrenw of 8 supernova i n  which a star is  obsemd 
in a verg short interval t o  flare up to many times its previous luminosity 
and t o  e ject  a large fraction of its 

which stars eject  nucl 
It is believed tha t  c 
the giant stage of s 
with the nprimordialn hydrogen and may eventually condense w i t h  it into what 
we have referred to  
&;en burning, the CAT 
among other nuclei, is produced and s 
cycling of hydro n into helium. In  
enough, Ne21, NeB, and Na23 are produce 

pace 

The supernova event is certainly the most spectacular of the wqys in 
ich they have synthesizied into i n t e r s t e l l y  space. 

during 
b S  

The CNO-cycle andNe cle occur in-hydrogen burning during the main 

exhausted and the odium isotopes remain 
n&md w i t h  the into its red 

ssible a d the giant stage. 

These interactions re nstein; Cameron; 
Fuwler, Burbidge, 

number of iron-group nuclei are conta 
second generation star h 
neutrons t o  build still 
charged, the effeotive 
giant central temperat 
produced from C1* and 
the iron group nuclei so that 
per iron group nucleus and this is sufficient t o  produce heavy nuclei in the 
range 60SAS200. The ra+a of red giant evolution is re1 
the average irrterval be ween neutron captures f o r  a given 

long enough for most 
captures when a nucl 
i n  the capture chain. 
stable nuclei in the 

ocess* These a general the .light, by-paersed in 
proton-rich i 
isotopes which are p 
t o  .the next element i n  the periodic table. Thus, only certain of the nuclear 
specie8 can be produced by neutron capture 8% a rate Slolr campared t o  beta 
decay in the red giant stage of s te l la r  evolut 

passed in the proce 
situation in which 
captures occur a t  a 
would seem indicate 

sequence stage of the se eneration star. E ly, the hydlrogen is 

J IlIOSt h l b m s t f n g  Qf t n r i t h H  

The neutrons are preferentially captured by heavy nuclei. If 8 small 

over the range 10 t o  1 8 years. Hen for the lower l i m i t ,  the interval is 

In order t o  synthesize 



envelope lnaterfal is heated by imp1 
tional nuclear heating results unt i l  
very rapidly. These reactions provi 
now a t  a 
involves 
than f o r  normal nuclei. After the supernova event, these nuclei decay t o  
their stable isobars which w i l l  just be the heavy, 
t h  elements. Bwbidge, Bwbidge, Fowler,and Hayle estimate densities of 

F flux of 3.03 neutrons/cm -see* 

rate compare t o  beta decay and the synthe 
ear species having a neutron-proton excess some ten units greater 

eutron-rich isotopes of E x 

10. s gsams/cn? and t e r n  ratures of i@ degrees i n  the supernova envelopes and 

In addition, there will certainly be some free hydrogen a t  the hi& 
temperature of the supernova envelope material. 
factors for  protons will be small but not zero and some synthesis of the light, 
proton-rich isotopes of the elements w i l l  also occurr It is a very satisfac- 
tory point of fac t  that  all of these l igh t  isotopes are indeed very rare com- 
pared t o  the heavier forms. 

under which the various fusion processes QCCW?. It will be 
central temperatures and densitie 
ary advance of a s t a r  from the ma 
supernova stage. 
such a procedure is essential if heavier and.more highly charged nucl 
successively t o  be synthesized from the l ighter ones start ing orfgina 
with a universe or a Galaxy of pure hydrogen. 

Coulomb barrier penetration 

As noted previously, Table I contains a tabulation of ions 
the 

how a steady increase with the evolution- 
sequencea through the red giant, t o  the 

This is i n  keeping prrlth the general point o f  view that  
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TABLE I. CONDITIOMS OF TEXPIERATURB &W D’BlSITY FOR FUSION PROCESSES IN STARS 

“ ‘ b  

Stellar Stage and 
Muclear Processes 

4 P P -  He 43l CNO - 

alpha process 

equilibrium process 

neuh-on capture ( rapidly) 

proton capture (rare) 

lensity Temperature 
gmq/cc I degrees ab. 

100 

- - - -I - - .- - - - 
1 lo8 

I 
2 109 

4 109 

109 

I 

kT 
kev 

1 

2 

3 
_ _ - .  

10 

200 

lcoo 

100 

Effective 
energy (kev) 

(n) indicates the effective energy 
(4) indicates the effective 

for neutrons. 
for charged particles. 
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