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Dmitrij Ivanovič
Mendeleev

1869 63 known elements 

He argues that the mass difference between two consecutive nuclei in his table amounts to 2 atomic masses 

He grouped the elements according to their chemical properties and ordered them in increasing mass (more or less)  
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Antonius Johannes
van den Broek

1911/13 He suggests a link between atomic mass and ”intra-atomic” charge: If the 
masses of two consecutive elements in the Mendeleev table differ by a fixed 

value of two, and the “intra-atomic” charge is half the mass, it follows that the 
position in the Mendeleev table equates the “intra-atomic charge” 

PROBLEM: such a relation is certainly wrong for the Uranium 



Henry Gwyn Jeffreys Moseley Frederick Soddy



Chemical homogeneity is no longer a guarantee that any supposed element 
is not a mixture of several different atomic weights, or that any atomic weight 
is not merely a mean number. The constancy of atomic weight, whatever the 
source of the material, is not a complete proof of homogeneity

Frederick Soddy

1911



Henry Gwyn Jeffreys Moseley

1913  December

Moseley's empirical law => E ≈ (N-1)2

E=hν (Kα)

el
em

en
t



Frederick Soddy

1913
He suggests to use radioactive nuclei to check for the existence of group of 

elements that share the same chemical properties but have different masses



Frederick Soddy

1913



Frederick Soddy

1913

1)

2)

Chemical homogeneity is no longer a guarantee that any supposed element 
is not a mixture of several different atomic weights, or that any atomic weight 
is not merely a mean number. The constancy of atomic weight, whatever the 
source of the material, is not a complete proof of homogeneity



Jahrbuch der Radioaktivität und Elektronik 1913 Vol. 10, page 193
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Frederick Soddy

1913  April
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Chart of the Nuclides 



Francis William Aston

November 
1919

July 1920

18 elements analyzed to check for the presence  of isotopes
1919/1920  

Ne has two isotopes: A=20 and A=22
All atomic weights are exactly integer numbers, with the exception of H



Francis William Aston

1927  
… a few years later no nuclear specie had an 
atomic mass equal to an integer number… 



Francis William Aston

1927  
Packaging fraction = DM/M

(Binding Energy)



Francis William Aston

1927  
Packaging fraction = DM/M

(Binding Energy)



Dmitrij Ivanovič Mendeleev

Antonius Johannes van den Broek

Frederick Soddy

Francis William Aston

groups the 63 elements known at that time based on 
their chemical properties and ranks them in order of 
atomic mass

Intra nucleus charge (Z) roughly half the atomic mass (A)?  The position of 
an element in the Mendeleev table corresponds to its intra nucleus 
charge Z? Unfortunately this is certainly not true for the heaviest 
elements.

Demonstrate that the elements in the Mendeleev table are ranked in term of Z 
and not A (both Moseley and Soddy).  “Substances” of different mass may occupy 

the same position in the Mendeleev table and are therefore named ISOTOPES 
(Soddy). First chart of the nuclides (A versus Z) (Soddy)

Finds the first isotopes (20Ne and 22Ne) and states that only H does not 
have a whole mass number (A=1.008). In 1927 finds a quiet large number 
if isotopes and shows that no atomic mass is a whole number. He plots 
for the first time the mass defect, that he calls "packaging factor”, that 
we now call Binding Energy

1868 -> 1927

Henry Moseley



William Draper Harkins

1916  



William Draper Harkins

1916  

Harkins’ rule



Cecilia Helena Payne
(Gaposchkin)

1925 – PhD thesis(25 yrs old)

1925  



1925  

Henry Russell (director of the Observatory  of the Princeton University) 
heavily criticized the H and He abundances calculated by Cecilia Payne.

Cecilia Helena Payne
(Gaposchkin)



Henry Norris Russell

1929  



So…..
at the end of the 20’s it was known that the number of nuclei to be 

understood (explained) is much higher than the number of chemical 
species, that the abundances of the even species (alpha nuclei) is 

much larger than that of the odd ones (Li nuclei) and that H and He 
are extremely abundant in the Sun (i.e. the chemical composition of 

the Earth is not representative of the one of the stars) 



So…..
at the end of the 20’s it was known that the number of nuclei to be 

understood (explained) is much higher than the number of chemical 
species, that the abundances of the even species (alpha nuclei) is 

much larger than that of the odd ones (Li nuclei) and that H and He 
are extremely abundant in the Sun (i.e. the chemical composition of 

the Earth is not representative of the one of the stars) 
1928, November 18 the first Mickey Mouse short movie is released 

(Steamboat Willie)



But ….. which is the connection with the stars?

So…..
at the end of the 20’s it was known that the number of nuclei to be 

understood (explained) is much higher than the number of chemical 
species, that the abundances of the even species (alpha nuclei) is 

much larger than that of the odd ones (Li nuclei) and that H and He 
are extremely abundant in the Sun (i.e. the chemical composition of 

the Earth is not representative of the one of the stars) 



William Thomson, 1st Baron Kelvin

Hermann Ludwig Ferdinand von Helmholtz

He was the first to propose the gravitational 
contraction as the energy source of the Sun

He was the noun and the staunchest 
supporter of the von Helmhotz idea



William Thomson
1st Baron Kelvin

1895  



Charles Robert Darwin

1859 The study of the erosion of the rocks on the Weild 
Valley showed that these rocks are roughly 300 Myr old

Baltwood

1907 The datation of the rocks via the U decay led to an age of the order of 300/400 Myr

The whole community of geologists rose up against the William Thompson determination of the age of the Earth



Ernest Rutherford

Radioactivity may increase significantly 
both the age of the Earth an of the Sun.

1907  



Henry Norris Russell

1919  



Archbishop Usher

famous because he scientifically 
computed the age of the world since 

its creation (based on the Bible)

Sir Arthur Stanley
Eddington

1920 



Francis William Aston

November 
1919

July 1920

1919/1920  

Remember that….



Sir Arthur Stanley
Eddington

1920 



1907

Ernest Rutherford

radioactivity

Hermann von Helmholtz

Gravitational contraction1895

W. Thompson (Lord Kelvin)

Where the Sun luminosity comes from?

Henry Norris Russell

1919
rejects the idea of the gravitational contraction and makes a 

list of constraints that the unknown energy source must satisfy

1920

Sir Arthur Eddington

suggests the mass defect between H and He as the energy 
source because M(H)=1.008 and M(He)=4. All elements 
could be produced by "accretion" of successive H nuclei.



Eddington's idea that the solar energy source could be the result of the fusion of 
four atoms of H in one of He run in two insurmountable problems: 

1) the fusion of 4p+2e- ->  4He requires an interaction among SIX bodies: very, very unlikely!

2) the energy required to overcome the Coulomb barrier is of the order of the MeV, 
occurrence which would require a temperature  in excess of several GK. (Eddington already 
demonstrated (1918) that the central temperature of the Sun is no more than few 10 MK)



Eddington's idea that the solar energy source could be the result of the fusion of 
four atoms of H in one of He run in two insurmountable problems: 

1) the fusion of 4p+2e- ->  4He requires an interaction among SIX bodies: very, very unlikely!

2) the energy required to overcome the Coulomb barrier is of the order of the MeV, 
occurrence which would require a temperature  in excess of sevaral GK. (Eddington already 
demonstrated (1918) that the central temperature of the Sun is no more than few 10 MK)



Georgij Antonovič
Gamov

1928  



Georgij Antonovič
Gamov

1928  

..... but he does not apply the same formalism to the fusion of two particles..... 



Robert d'Escourt Atkinson

He was the first to propose that elements may be synthesized by means of 
successive proton (and electron) captures.

The capture of four protons may push 
matter out of the stability valley, the 
successive decay would provide an 
alpha particle and the original 
nucleus. A neverending cycle.

The father of the CNO cycle!

Aufbauhypothese
Starting from He all nuclei are obtained by capture of single proton 

(and electrons every now and then) 

1931  



The idea that the various elements were formed by means of the

aufbauhypothese
was readily accepted by the community but...how to realize it in practice?



1931 

Harold Clayton Urey

He discovers the deuterium

James Chadwick

February 1932: Letter to Nature to 
communicate the discovery of the neutron



Carl Friedrich Freiherr 
von Weizsäcker

Modifies the original idea of Atkinson introducing the idea that the 
elements may be produced by successive neutron captures

Stromgren 1938 (ApJ 87,520)

4He + P ->  5Li -> 5He + P -> 4He + 2H 
2H + 2H ->  3He +n

1937-1938



Astrophysicists (Chandrasekhar, Menzel, Sterne, and Strömgren) met nuclear 
physicists (Bethe, Breit, Gamow, Hafstad, Neumann, Teller, and Tuve) to 
discuss the problem of the energy production and nucleosynthesis in stars. 

George Washington University: The 4th conference in 
1938 on Stellar Energy and Nuclear Processes.



1938 Suggests a PRESTELLAR origin for the elements (NSE) 
(Physik. Zeits. 39, 633)

Carl Friedrich Freiherr von Weizsäcker

also

(mentioned by Gamow in 1947 - PhysRevL 70, 572 )



1927

Georges Lemaitre   and   Albert Einstein

1929

Edwin Hubble



1938 May

They suggest that the energy necessary to replace 
the energy losses from the surface of the Sun can 
be provided by the:

Subrahmanyan
Chandrasekhar

George Gamov Merle A. Tuve

The lack of stable nuclei with A=5,8 does not allow 
the synthesis of the elements starting from He



1938 May

They suggest that the energy necessary to replace 
the energy losses from the surface of the Sun can 
be provided by the:

Subrahmanyan
Chandrasekhar

George Gamov Merle A. Tuve

The lack of stable nuclei with A=5,8 does not allow 
the synthesis of the elements starting from HeThe quest of the solar energy source is decoupled from the synthesis of the elements



Hans Albrecht Bethe

Charles Louis Critchfield

1938   June

They do not mention at all 
the 3He+3He



December 1938

Published 
March 1939

1938   September

Hans Albrecht Bethe



December 1938

1938   September Published 
March 1939

Hans Albrecht Bethe



December 1938

1938   September

Hans Albrecht Bethe



H+H -> D may produce enough energy 
to account for the Sun's luminosity

compute the nuclear cross section of the H+H -> D

1) identify the CN cycle to power the luminosity of the stars more massive than the Sun and confirms the PP chain for 
stars less massive than the Sun

2) Computes the nuclear cross section of the 3α and concludes that at 20 MK can not work because temperatures in 
excess of 1GK would be necessary.

3) Hence, he concludes that it is NOT possible to synthesize nuclear species beyond He in the stars.

1938: 
fantastic 

year!

seminal ideas:
1) elements synthesized by neutron captures in stars
2) prestellar origin of the elements



George Gamow

1939   October



George Gamow

1939   October

1937, December 21 the “Snow White and the seven dwarfs” was released



NSE: T of several GK and density 
r of millions of gr/cm3

Subrahmanyan
Chandrasekhar

A prestellar origin of the elements 
begins to be explored

1942
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NSE: T of several GK and density 
r of millions of gr/cm3

Subrahmanyan
Chandrasekhar

A prestellar origin of the elements 
begins to be explored

1942



The abundances of the various elements cannot 
be explained by an NSE

Coagulation of neutrons in larger and 
larger complexes

1946

George Gamow



The elements DO form inside the stars but 
again at the NSE

Sir Fred Hoyle

1946



George Gamow

Ralph Asher Alpher

1948

Hans Albrecht Bethe

?



Chūshirō Hayashi

1950



February 7, 1940 – the movie Pinocchio is released



Ralph Asher Alpher

Robert Herman

1950

Two categories of models proposed to explain the origin of the elements
(both prestellar):

Equilibrium (Chandrashekhar, Henrich): single or double NSE

Non equilibrium (Gamow, Alpher): expansion too fast to reach the NSE. 
Elements form as drops of neutrons part of which later decay in protons 

Additional scenario(Sir Fred Hoyle): NSE in stars



Robert Noel Hall

William Alfred Fowler

1950



1953

Edwin Ernest Salpeter



1954 (1951)

Ernst Opik 



1953

D.N.F. Dunbar



1954

Sir Fred Hoyle



1954

Sir Fred Hoyle



1954

Sir Fred Hoyle



1954

Sir Fred Hoyle

He does not discuss neither the neutron source(s) nor the synthesis of the nuclei beyond the Fe peak



William Alfred Fowler

Geoffrey Ronald Burbidge

Eleanor Margaret Burbidge

1955



Hans Eduard Suess

1956

Harold Clayton Urey



1956



1957

Alastair G. W. Cameron



1957



1957

Abbondanze solari

Stellar scenario

Pre stellar scenario



What about the neutron source(s)?



What about the neutron source(s)?

(𝛼𝛼,𝛾𝛾)
(𝛼𝛼,p)
(𝛼𝛼,n)



1954

Alastair G. W. Cameron

The 13C(α,n) is the process with the highest nuclear cross section but there are not enough 13C 
nuclei to have a substantial production of neutrons.

But, if we assume a continuous moderate ingestion of protons in the center of the star, we may 
feed the 13C(α,n) nuclear reaction enough to produce a substantial flux of neutrons  



William Alfred Fowler

Geoffrey Ronald Burbidge

Eleanor Margaret Burbidge

1955

All these nuclei may produce neutrons via  an  (α,n) process:
17O, 21Ne, 25Mg and 26Mg        +   13C

They sponsor the 21Ne(α,n) because it may be produced by the 
abundant 20Ne in H burning via the 20Ne(p,γ)21Na(β+)21Ne 



1956

Alastair G. W. Cameron

slow neutron captures
A<100

(low rotation)

fast neutron captures 
A>100

(fast rotation)



1957

Alastair G. W. Cameron



1956



1960

Alastair G. W. Cameron



20 MK: H burning -> He

200 MK: He burning -> C, O, Ne, Mg

1 GK: Ne photodisintegration -> O, Mg, Si, Ar, Ca

1/3 GK: α process, up Ca

>3 GK: e process, equilibrium processes

s process

r process

p process, rapid proton captures? photodisintegration?

x process, D, Li, Be, B (stellar origin or not?)



So, what remains at the end of the 50's?



1961, One Hundred and One Dalmatians
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