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Elemental Synthesis in the Universe
(Chapter 13, E&V; Chapter 12 L,M&S)
             [“We are all stardust: nuclear debris”]
Topics:

1. Elemental Abundances

2. Primordial Nucleosynthesis

3. Stellar Evolution

4. Stellar Nucleosynthesis

5. Explosive Stellar Nucleosynthesis

6. Cosmic Ray Nucleosynthesis

Elemental Abundances
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Overview

1. abundance – percent by mass 


2. solar system reflects the universe


3. abundances in sun reflect solar system


4. biggest problems are sampling and accuracy
Sources


1.Spectroscopy of the sun

· reflects elements only (#p) and not isotopic ratios (nuclear)

· using stellar spectra, need models to extract information

· study solar photosphere (most data:65 elements)
· reasonably  accurate; very complex with many factors.

2. in-situ analysis of fallen meteorites

· very accurate since use latest analytical techniques

· may be more representative of solar system matter


3. others

a. Earth

· Not very accurate since only reflects outer layer, oceans, 
atmosphere;
· Divided into 5-6 regions; outer layer only contains ~.5% mass

· Chemical fractionation has occurred; volatile elements lost

· Isotopic ratios should be good as chemistry the same.

b. Moon

· Definite differences in abundances but similar density as 
earth mantle; similar thermal history to earth
· Differences not sufficiently large to suggest different history
 than solar system but very Fe deficient (no Fe core).

c. Cosmic Rays  -  recent data
d. Gamma Rays – Specific isotopes, e.g. 26Al decay
Meteorites

         1.  3 types: stones(93%), stoney-irons (1.5%), and irons   

                                         (http://meteorites.com/classif.html)

         2.  most useful: C1 Carbonaceous Chrondidtes  [Gr: chrondos-‘grain of seeds]         
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Lake Tagish Meteorite, Jan, 2002, Landed in B.C., 53 tons


3. Abundances generally agree with solar data although 
     problem since no H to provide normalization,


4. Noble gases not retained,


5. Data not good for volatile elements such as H, C, N & O because 
    they do not form condensable materials,

7. Use best averaged value for 10 elements: good to 5%.
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Primordial Nucleosynthesis

- first elements formed at the origin of the universe (big bang)

- important period is ~1-3 minutes after t=0


- universe cooled to ~109 K, formation of deuterium works


    p + n ( d + ( ; Q = 2.224 MeV ; reaction goes 

- at this point in time/temperature, %neutron is 13%

- additional reactions occur using d, leading to 4He



   p + d ( 3He + ( ; 3He + 3He ( 4He + 2p


- The % by weight of 4He is  2
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   since 4He  = 2p + 2n.


- 4He is the dominant product on the early universe nucleosynthesis 
             because:    
a. It has the greatest EB / A of the light nuclei.

b. The lower/lighter mass nuclei (d, 3H, 3He) have   

    lower EB/A and will mainly provide fuel in the  

    chain of reactions.


c. There are no stable nuclei at A = 5 & 8.


d. Some higher mass Li’s and Be’s may be produced by 
              reactions but the higher Coulomb barrier will hinder 
              their production. 


- At about 3000 K/ ~105 years, nuclei and electrons form atoms

             
Calculated primordial abundances (mass fraction)




1H    0.75  ;  
2H  2.5 x 10-5    ;  
3He  4.2 x 10-5



4He  0.23  ;   
6Li  300 x 10-12 ;  
7Li  4600 x 10-12

- These are reflected in abundances observed today

- Remnant of the big bang is the 3 K radiation that permeates the 

  present Universe.

[image: image11.emf]
Stellar Evolution

    Overview

- universe expanding and cooling


- instabilities and inhomogenities cause large clouds of H and 

  He to coalesce and come together through force of gravity

- heating can occur as matter comes closer, leading to ignition of 

  nuclear reactions

- leads to the formation of massive stars composed of H and He,   

  with rather short lifetimes

- with the next generation of stars, with different materials 

  which are more opaque to radiation loss. This leads to smaller  

  stars with longer lifetimes. 


Internal pressure (thermal) = Gravitational force 

   Evolution of a Star (big ball of gas)

Hertzsprung-Russel Diagram
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Stellar Nucleosynthesis
    Overview


- all stars begin existence consisting primarily of H and He


- heavier elements referred to as “metals”


- in general, nuclear reactions are all sub-coulomb barrier (tunneling)

- Nuclei are in a Maxwell-Boltzmann distribution of temperatures

- For a reaction of    ‘a’  +  ‘b’  in a distribution array
            Reaction rate/unit volume = flux x  relative velocity distribution x      

                                                          probability of a reaction       or 

 =   Na  Nb  <(v>  
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Non-resonant reactions
    The cross section for low energies is written as: (E)  =  (eq \f(S(E),E) exp \b( - \f(2p Z1 Z2 e2,v))

    which defines

S(E)  =  (E) E (eq exp \b(\f(2p Z1 Z2 e2,v))

   and factors out the strongly varying energy parts due to the penetration factor and 

   the momentum term and leaves a slowly varying (except for resonances) nuclear part.
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Resonant Reactions
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factor
section
form

                     where
SYMBOL 108 \f "MT Extra"a
SYMBOL 186 \f "Symbol"  orbital angular mom of the interaction



SYMBOL 186 \f "Symbol"  level width (energy)  =   i


=  SYMBOL 104 \f "MT Extra"/ 

from  Et  macrobutton EditTextEqn 
  SYMBOL 104 \f "MT Extra"       where    is lifetime

Er
SYMBOL 186 \f "Symbol"  resonance energy

Reactions in Stellar Environments
-Initial reactions when a star reaches minimal temperature (~108K)
- First reactions called the PP (proton-proton) Chain

Proton - Proton  Chain




           (T ~ 107K   ;   4 p (  4He)
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H  +  H  SYMBOL 174 \f "Symbol"  D  +  +  +  e
RDS (rate determining step) slow

PP I:
D  +  H  SYMBOL 174 \f "Symbol"  3He  +  
fast

3He  +  3He  SYMBOL 174 \f "Symbol"  4He  +  2 H
slow

or

3He  +  4He  SYMBOL 174 \f "Symbol"  7Be  +  
slow

PP II:
7Be  +  e  SYMBOL 174 \f "Symbol"  7Li  +  e
 year


7Li  +  H  SYMBOL 174 \f "Symbol"  4He  +  4He
fast

or

7Be  +  H  SYMBOL 174 \f "Symbol"  8B
slow

PP III:
8B  SYMBOL 174 \f "Symbol"  8Be  +  +  +  e
0.78 s

8Be  SYMBOL 174 \f "Symbol"  4He  +  4He
2.6 SYMBOL 180 \f "Symbol" 10-16 s

-Early stars only contain H and He, but later stars contain C and N leading to  

 additional reactions that result in a He nucleus.

- This is the cold C-N-O cycle
Cold CNO Cycle

12C(p,()13N(e+,()13C(p,()14N(p,()15O(e+,()15N(p,()12C
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- Then we can have Helium burning
The end of the  H  burning cycles comes when the majority of the  H  in the core 

has been converted to  4He.

Without the energy from the  H  cycles, the core will collapse raising the temp and density.

4He  is the next nuclear fuel but there is a problem because there are no stable  A  =  5 & 8  nuclei.

The  3  reaction
3 4He  SYMBOL 174 \f "Symbol"  12C + 
1.
Since 3-body collisions are so rare, need to consider two 2-body collisions.

4He + 4He  SYMBOL 171 \f "Symbol"  8Be*  SYMBOL 171 \f "Symbol"  12C*


SYMBOL 173 \f "Symbol"

4He

a.
Requires the temporary formation of  8Be*  which is unstable by only  92 keV.

Er  =  92 keV

gs  =  6.8 eV

gs  =  9.7 SYMBOL 180 \f "Symbol" 1017 sec

Et  SYMBOL 179 \f "Symbol"  SYMBOL 104 \f "MT Extra"     t  SYMBOL 179 \f "Symbol"  SYMBOL 104 \f "MT Extra"/E

  SYMBOL 179 \f "Symbol"  
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    ~  9.7 SYMBOL 180 \f "Symbol" 1017 sec



0+

8Be


                       92 keV 

4He + 4He

2.
Nucleosynthesis during He burning

The first product of  He  burning is  12C.  Additional  4He  reactions will yield  16O & 20Ne.  Above  20Ne  the Coulombic barrier limits further reactions at these temps,  T8  ~  1.

Both reactions are non-resonant

12C(,)16O        This is considered very important reaction

16O(,)20Ne      

Find that the abundances go as:   H  >  He  >  16O  >  12C  >  20Ne

· This phase can last for ~10 million years due to the triple alpha  

  process which is a low probability.

Elements up to Iron Region

A. Carbon burning (fast cycle)





12C + 12C ( 20Ne + 4He






       ( 23Na + 1H 

B. Oxygen burning 





16O + 16O ( 32S + 






       ( 31P + p   and other reactions


C. Photodisintegration Reactions – ((,X) reactions


D. Neon burning

20Ne +  4He  (  24Mg


E. Equilibrium Process ((Iron Region (most stable thermodynamical)
Summary:
pp  cycles        T6  ~  15
          ~  150  gm cm-3    (very long time scale)    
CNO  cycles    T6  ~  25
          ~  150  gm cm-3    
4He  cycles      T8  ~  1
          ~  103-104  gm cm-3  (~ 0.5 My)
12C  cycles      T8  ~  6 – 7       ~  104 - 106  gm cm-3  (~ 200 y)
16O  cycles      T9  ~  1
         ~  104 - 106  gm cm-3    (months)
 Equilibrium process         (few days)

Leads to a type II, SUPERNOVA 

for a star with a solar mass >10 solar masses
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FIGURE 8.10. Schematic diagram of the inner structure and chemical composition of a massive
star prior to its explosive disruption. The concentric “onion” shell structure indicated, where in
cach zone certain elements dominate, is highly idealized. The approximate pre-explosion tem-
perature and density of each shell-burning zone are also given. The s-process (chap. 9) is most
likely occurring in .the helium-burning zone of second-generation stars. At the borders of the
various zones, complex mixing processes might occur.
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Elements heavier than Fe


s-process  (Slow process)


Slow neutron capture over a long period of time



Beta decay occurs predominantly



Initially capture occurs on iron region nuclides



Source of neutrons, various reactions such as




21Ne  +  4He ( 24Mg  + n



Electron capture of neutron rich also possible
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Local approximation  (away from magic numbers)




(aNa   (   (b Nb       e.g. 148Sm  (N = 2930







150Sm  (N = 2770

   
r-process  (Rapid process)


Occurs in SN explosion  (seconds)


Neutron capture so rapid (~.5 sec/capture) that beta decay 

does not have time to occur


Buildup of very neutron rich nuclei



Process stalls near magic numbers, leading to peaks in abundances
A sequence of waiting points will occur at closed shells.
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When these waiting point nuclei decay to beta stability, their  A's  will be  ~  10 A units below that expected.
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• Another type of supernova 

takes place in binary star 

systems

• If a white dwarf accretes 

sufficient matter from its 

stellar companion, it 

detonates in a cataclysmic 

thermonuclear explosion 

• Standard Candles – Used 

to study explanding

universe




                The Solar Neutrino Problem

The only way to test the predictions of the pp cycles is to observe the neutrinos which are the only direct probe of the center of the sun.

Nobel prizes given in 2002 to RAYMOND DAVIS JR., and MASATOSHI KOSHIBA
Sources of Solar Neutrinos
PP reaction:
p  +  p  SYMBOL 174 \f "Symbol"  D  +  +  +  e
E,max  =  0.42  MeV

PEP reaction:
p  +  e-  +  p  SYMBOL 174 \f "Symbol"  D  +  e
E  =  1.44  MeV

(  1/230 PP )



D  +  p  SYMBOL 174 \f "Symbol"  3He  +  

85 %  SYMBOL 174 \f "Symbol"
3He  +  3He  SYMBOL 174 \f "Symbol"  4He  +  2 p


15 %  SYMBOL 174 \f "Symbol"
3He  +  4He  SYMBOL 174 \f "Symbol"  7Be  +  

 15 %  SYMBOL 174 \f "Symbol"
7Be  +  e-  SYMBOL 174 \f "Symbol"  7Li  +    +  e
90 %
E  =  0.86  MeV


10 %
E  =  0.38  MeV



7Li  +  p  SYMBOL 174 \f "Symbol"  2 4He


 0.02 %  SYMBOL 174 \f "Symbol"
7Be  +  p  SYMBOL 174 \f "Symbol"  8B  +  

8B  SYMBOL 174 \f "Symbol"  8Be  +  +  +  e
E,max  =  14.06  MeV


8Be  SYMBOL 174 \f "Symbol"  2 4He

HEP reaction:
3He  +  p  SYMBOL 174 \f "Symbol"  4He  +  +  +  e
E,max  =  18.77  MeV

(  2 SYMBOL 180 \f "Symbol" 105 % )

1.
'Chemical' Detectors

a.
37Cl :  Homestake gold mine, South Dakota;  1968  -  present

37Cl  +  e  SYMBOL 174 \f "Symbol"  37Ar  +  e-


Q  =   0.81 MeV

1.
Collect the Ar generated in 100,000 gal of C2H4Cl2 (perchlorethylene - cleaning fluid: 100,000 gal) located at the bottom of the mine and observe the EC decay of  37Ar

37Ar  +  e-  SYMBOL 174 \f "Symbol"  37Cl  +  e
t1/2  =  35 d

2.
Since very low cross sections, define a new unit
SNU  =  one event per sec for  1036  target atoms (1 event/2 days)

Predictions:  7.9 eq \o(+,_) 2.6 SNU

Observed:    2.1 eq \o(+,_) 0.3 SNU
;or

(0.46 eq \o(+,_) 0.04    37Ar per day)

3.
There seems to be a temporal variation in phase with the minimum number of sun spots.

b.
98Mo :  Henderson molybdenum mine, Colorado;   1990 - present

98Mo  +  e  SYMBOL 174 \f "Symbol"  98Tc  +  e
Q  =   1.68  MeV
  decay:   98Tc  SYMBOL 174 \f "Symbol"  98Ru  +    +  
E  =  0.397 MeV


t1/2  =  4.2 SYMBOL 180 \f "Symbol" 106 yr

1.
Measure the abundance of Tc in undisturbed rocks at   1800  meters to see if the time integrated average is greater than the present values.

c.
71Ga :  Lower energy and therefore able to sample the more prevalent reactions.

71Ga  +  e  SYMBOL 174 \f "Symbol"  71Ge  +  e-
Q  =   0.233  MeV


EC decay:  71Ge  +  e-  SYMBOL 174 \f "Symbol"  71Ga  +  e
t1/2  =  11.4 d

Problem is that detector needs 30 to 60 tons of Ga when the world production is 10 tons per year and therefore very expensive (~ $500K per ton).

1.
SAGE :  Beneath a high mountain in the North Caucasus region in the Soviet Union.  Soviet-American Gallium Experiment.  1990 - present

a.
Uses 60 tons (30 tons presently) of gallium metal  (MP = 30 oC).  Once a month liquid Ga is treated to collect the Ge which is converted to gasous  GeH4  for counting.  The  10.4 keV  K Auger electrons are detected.  Will improve counters to detect the L electrons.

b.
After first five months of operation observed no events out of a predicted 20. 

Prediction of:  132 SNU 
with 70.8 SNU from the PP reaction.

Observation:  1 sigma upper limit is 70 SNU.

2.
GALLEX :  Gran Sasso tunnel in central Italy.  West Germany, France, Italy, Israel and US.  1991 - present

Uses 30 tons of Ga in the form of gallium chloride, GaCl3, in HCl solution.  Ge forms GeCl4 which is a gas which can be collected and converted to GeH4 for counting.

2.
Physical detectors

a.
Cerenkov radiation detector (3000 ton H2O) :  Kamiokande II in Kaminokande zinc mine at Kaminoka, Japan   1986 - present

1.
Measures the Cerenkov radiation generated by neutrino scattered electrons going faster than the speed of light in water.

2.
Can also detect the direction of the neutrinos.

3.
Originally designed to measure the decay of protons.  Was converted (lowered thresholds) in time to measure the neutrinos from the supernova observed in Feb 1987. 

4.
Has a high neutrino threshold of  7.3 MeV.

5.
Observes  ~ 40%  of that predicted without evidence for temporal variation but confirms earth sun direction.

b.
SNO :  Sudbury Neutrino Observatory,  Canada and US facility located in nickel mine at Sudbury, Ont.  

1.
Uses 1,000 tons of heavy water (several $100M worth borrowed from the Canadian reactor program) and will be able to detect Cerenkov radiation from neutrino scattering and the breakup of  D  due to neutrino absorption.  Neutrino absorption is not restricted to electron neutrinos and therefore is sensitive to all type of neutrinos. 





i)   Charged current reaction:   
(e  +  d  (  e(  +  p  +  p





ii)  Neutral current  reaction: 

(x  +  d  (  (x  +  p  +  p





iii) Elastice scattering rx:


(x  +  e( (  (x  +  e(




iv) Anti-neutrinos reaction:
    ((e  +  d  (  e+ +  n  +  n

2.
See 1000 events per year.

              


 

SNO measures different flavors of neutrinos and proves that neutrinos do change from electron neutrinos to other types of neutrinos leading to a reduced measurement of solar neutrions only.

                              [image: image31.jpg]



[image: image32.png]Measurement of charged current interactions produced by ®B solar neutrinos at the
Sudbury Neutrino Observatory
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an’, J. Dunmore!?,

Solar neutrinos from the decay of *B have been detected at the Sudbury Neutrino Observatory
(SNO) via the charged current (CC) reaction on deuterium and by the elastic scattering (ES)
of electrons. The CC reaction is sensitive exclusively to 1.’s, while the ES reaction also has a
small sensitivity to v,’s and v,’s. The flux of v,.’s from *B decay measured by the OC reaction
rate is ¢“C(v,) = 1.75 £ 0.07 (stat.) 512 (sys.) £ 0.05 (theor.) x 10° cm~2s~'. Assuming no flavor
tranformation, the flux inferred from the ES reaction rate is 5 (v,) = 2.3920.34 (stat.) *91% (sys.) x
10° em™s™*. Comparison of $““(r) to the Super-Kamiokande Collaboration’s precision value
of ¢ (1) yields a 3.30 difference, providing evidence that there is a non-electron flavor active
neutrino component in the solar flux. The total flux of active B neutrinos is thus determined to be
5.4440.99 x 10° em™2s™", in close agreement with the predictions of solar models





ORIGIN OF Li, B AND Be

The Problem:

While most elemental abundances can be accounted for by nucleosynthesis in the Big Bang or in stellar systems, the method or site of production of very light elements Li, Be, and B (l-elements) cannot be determined well.


The triple alpha process bypasses these products.


The l-elements are also readily destroyed in H-burning cycles.

The abundances of these  l-elements are found enriched by a factors of up to 106 in galactic cosmic rays. 
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Proposal: 
Energetic protons passing through C,N,O could lead to Be,B,Li through spallation type reactions

Proton spallation cross section for formation of A = 6,7,8,9,10 and 11 very similar


Vary by only a factor of 10 for beam energies over 200 MeV


Sample calculation:



production of 9Be from CNO    
(
~  5 mb

· ~  5/ s-cm2

target (CNO/H)  ~  .001

age of Galaxy  ~  1010 y

production of  9Be/H  ~ 10-11 close to SS abund.


Table 10.2   Production Estimates from Cosmic Rays    (Rolfs and Rodney)

	Nuclide
	(C  (mb)
	(O (mb)
	(Ni/H)theory
x 10-12
	(Ni/H)obs
x 10-12
	Theory/Obs.

	6Li
	14.8
	13.9
	45
	70
	0.64

	7Li
	20.5
	21.2
	66
	900
	0.07

	9Be
	6.2
	4.4
	16
	14
	1.14

	10B
	22.7
	12.7
	51
	30
	1.7

	11B
	57.0
	26.5
	118
	120
	0.98


Cosmic rays are the origin of Li, B and Be
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Figure. 3.4


From BBFH 1957
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