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Thermodynamlc:$heageof theEarthand theenergwf the Sun

1847 : Robert JulivenMayer
Sun heated by fall of meteors

1854 : HermarnvonHelmholtz
Gravitationahergyfprotosolarebula
turnsintokineti@nergyfmeteors
Time ~ Eg,q/Lgyn —~ 30 My

185@ : William Thompson (Lord Kelvin)
Sun heated at formation from meteorite fall,

now « an incadescent liquid mass » cooling
age 1071 100 My

1859: Charles Darwi@rigin of species :
Rate of erosion of the Weald valley is 1 inch/century
or 22 miles wild (X 1100 feet high) in 300 My




A gaseous, contracting and heating Sun

Mearsolardensity: p= o O
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A gaseous, contracting and heating Sun

~1.35 g/cc  Sunliquid Y Incompressible
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A gaseous, contracting and heating Sun

Mearsolardensity: p= 47T Q 2 ~1.35 g/cc  Sunliquid Y Incompressible
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A gaseous, contracting and heating Sun

Mearsolardensity: p= 47T Q 2 ~1.35 g/cc  Sunliquid Y Incompressible
s Ko )
1860s: J. Homer Lane ; 1880s :August RiftengaseousY Compressible
Asit shrinks it releasegravitationaénergyANDit getshotter
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Characteristiimescaleof contraction :T, - — : —— ~30M
contractiof~ Luminosity y

Kelvin i Helmholtz - Ritter timescale

Source ofolarenergy. gravitationatontraction Energy ~




Stellar spectroscopy reveals Helium in the Sun

Class
10 Argoman
Hot white-blue stars
9
Proto hydrogen stars
8 Crucian Acherman
Cleveite-gas stars
7 Taurian Algolhian
=
g
. 6 Rigelian Markabian E
1868 : co-discovery of J
Helium in the Sun
5 Cyenian —

during a solar eclipse

1 L proto-metalic stars Sirian
(¢ &9 68%in) =

3 Polanan Procyoman

Lockyer® theory of 2 Aldebaranian Metallic stars Arctuian
stellar evolution

1 Antarian Cool red stars Piscian
forming stars dying stars




L o ¢ k y ehredrysof stellar evolution: running OPPOSITE to current
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Spectral type

Class
10
Hot white-blue stars

T Tauran

6 Rigelian

5 Cygman

3 Polanian

2 Aldebaranian

1 Antarian
forming stars

proto-metalic stars

Metallic stars

Cool red stars

Algolian

Markabian

Temperatune

Sirian

Procyoman

Arctuian

Piscian

dying stars




Subatomic physics

1896 : discovery of radioactivity (Uranium)
by Henri Bequerel

% 1896-1897 : identification of radioactive |
polonium and radium by Pierre et Marie Curie j\§

(Physics Nobel 1903)

1903:
T h oms oadrs

A A Gamma rays

1897 : discovery of the
electron
by Joseph John Thomson
(Physics Nobel 1906)

Charge +2

Alpha rays

Charge -1

1897 : identification of
alpha, beta, gamma rays
by Ernest Rutherford

(Chemistry Nobel 1908) ﬂ ]_‘ Beta rays
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Radioactivity: dating of rocks and energy source

1900: Rut h er flaw ofdadimactive decay N = Ng exp(-t/t)
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1902: Rutherford shows that alpha radiation is Helium nuclei
suggests to use Uranium/Helium for dating

1904 : Robert Strutt (Baron Rayleigh) : Old rocks from 400 My to 2 Gy < Age Earth

The maintenance of solar energy [... ] no longer presents any fundamental difficulty if the
internal energy of the component elements is considered to be available, i.e., if processes of
sub-atomic change are going on. Rutherford and Soddy 1903

1907 Rutherford : Helium in Sun results from radioactivity
Solar energy also !



The atomic nucleus and the proton

1909 GeigefMarsderexperiment
Strongdeflectionof aminorityof U particles

bombardina foil of gold
1911 Rutherford e N\
; Theatomis mostlyvoid: the volume of the
= ¢ positive charge (nucleus)1000 trillion times
— smallerthanthe volume of thatom

Nuclearadius ~ 183cm

1919 Rutherfordproduceshydrogemuclei bombardinguitrogenwith alphaparticles

N14+UY 017 +H
1920 Rutherforchameghehydrogemucleus proton (charge +1)

1910ies developmendf massspectrograph
identification of isotopes andeasurementsf theirmasses
( =multiples cdame« elementary mass)

by Francis William Aston
(ChemistryNobel 1922

1919: Mass(He4) = (11 0.007) x Mass(4 protons)
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Students of J. J. Thompson with Nobel prize
Ernest Rutherford Chemistry 1908 Radioactivity
Francis William Aston Chemistry 1922 Mass spectrograph,isotopic masses
William Henry Bragg Physics 1915 Crystal structure
Charles Glover Barkla Physics  194&@y siectroscopy
Niels Bohr Physics 1922 Atom model, QM
Max Born Physics 1954 Wave function QM

Owen Willans Richardson Physics 1928 Thermionic emission
Charles T. Rees Wilson Physics 1927 Cloud chamber

George Paget Thomson  Physics 1937 Electron diffraction
Paul Langevin
J. Robert Oppenheimer



Sun® energy:
Conversion of Hto He
Energy production : E=Dm c?

Firstideas(ratherconfused:
1915: William Draper

WME

The Weekly Newsmagazine
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Harkins 1919: Jean Perrin
(Physics Nobel 1926)
- WT Moo
A“D’MUMDUO)\<LJyD;m
DE )Jg;;)m\prm .
| AR PRINEIEE wai Sir Arthur
B : Stanley Eddington
................................. and the
‘ 1 Internalconstitution

Hof the stars (1916 1917

Meammoleculamweight - Stellaropacities- Radiativéransfer
Roleof radiation pressure Massluminosityrelation
Eddingtorlimit on stellarluminosityd Cepheidulsations
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The energy source of the Sun
Eddingtoi® Presidentiahddresgo the British Associatio248/1920)

No one seems to have any hesitations, if it suits him, in carrving back the history of the
Earth long before the supposed date of formation of the Solar System [... | Lord Kelvin's
dates [...] are treated with no more respect than Archbishop Ussher’s.

Only the inertia of tradition keeps the contraction hypothesis alive — or rather, not alive, but
an unburied corpse. A star is drawing on some vast reservoir of energy by means unknown
to us. This reservoir can scarcely be other than the subatomic energy which, it is known,
exists abundantly in all matter; we sometimes dream that man will one day learn how to
release it and use it for his service.

If only 5% of the mass of the star consists initially of hydrogen, the total heat liberated
will more than suffice for our demands.\Is this possible?|pondered Eddington and argued:

If Rutherford could break down the atoms of oxygen in his lab, driving out an isotope of
helium, then what is possible in the Cavendish laboratory may not be too difficult in the

Sun.

If indeed the subatomic energy is set free in stars [...] it seems to bring a little nearer to
fulfillment our dream of controlling this latent power for the well-being of the human race
— or for its suicide.




From H to He: an impossible reaction ?

Problem 1To make an alpha particle
(masse =#p ; charge=2+)

4 protons + 2 electrons should be brought together
HOW ?
(neutron unknown then)

Energy | iwvev~1010K

Problen®?: To bring jus® protons together

enormous temperatures (JITD10 K)
are required, so that particles have
enough kinetic energfg~kT
to overcome their
repulsive Coulomb barrier

whereas Eddingtd@nstellar model suggested
T~10' K

Nuclear radius lkeV ~107 K

1058 cm Distance

We do not argue with the critic who urges that the stars are not hot

enough for this process; we tell him to go and find a hotter place.
A. S. EDDINGTON, The Internal Constitution of Stars (1926)



1928 : Light in the end of the tunnel !

How do the emitted U particles get out of the potential well of radioactive nuclei ?

Why their observed energies are < EcqyomB. max ©f those nuclei ?

(EcouLome. max P€INg observed in scattering experiments)
Energy

1928 G. Gamow

Probabilistic guantum-mechanical
TUNNEL EFFECT

Particles with E < Ecoyoma. max
have a finite probability to escape

% € Distance

2%212262 G tact
E’U_ amow T1acCtor
= I

Edward Condor

It also explains quantitatively
why nuclei with larger half- [FS8
lives eject U particles

with smaller energies

20—

—_—-_-"’N

O
\. Ur
I 1928-1929

| i Distance  R. Gurney & E. Condon
[c} T

N
b=
b=
Pl



Zur Frage
der Aufbaumoglichkeit der Elemente in Sternen.

Von R. d’E. Atkinson und F. G. Houtermans in Berlin-Charlottenburg.
(Eingegangen am 19. Mirz 1929.)

Die quantenmechanische Wahrscheinlichkeit dafiir, daB ein Proton in einen Atom-
kern eindringt, wird nach der Methode von Gamow berechnet. Dabei zeigt sich,
dall unter den Temperatur- und Dichteverhiltnissen im Innern der Sterne die Ein-

Maxwellian tunnelling
distribution probability

\
1
\

fusion probability

Proton fusion may indeed occur in temperatures at the center of the Sun
thanks to the tunnel effect



But fusion of two protons gives a di-proton which cannot exist !

1931 Discoverpf Deuterium
(heavy hydrogen with masam)
Harold Urey Chemistry Nobel934

1932 : Discovery d¢feutron
(mass m,, charge =0)
James Chadwick (Physics Nobel 1935)

1932 : Discovery ¢Fositron
(mass~m,, charge=1 +)
Carl Anderson (Physics Nobel 1936)

1930 Prediction of theeutrino
(mass 0O, charge)
Wolfgang Pauli (Physics Nobel949

1934 : development of tieeory o decay

(weakinteractions ofadioactivity
Enrico Fermi (Physics Nobel 1938)




938 : Lev Davidovich Landau’¥—~
(Physics Nobel 1962)

source of stellagnergy :

accretion of inner layers

onto a small neutron star C
found in the center of stars @

Thus we can regard a star as a body whlch has a
neutronic core the steady growth of Whlch liberates
the energy which maintains the star at its high
temperature ; the condition at the boundary between

As rega,rds the question of how the initial core is
formed, I have already shown? that the formation of
a core must certainly take place in a body with a
mass greater than 1-5 . In stars with smaller mass
the conditions which make the formation of the initial
core possible have yet to be made clear.

L. LANDAU.

Institute for Physical Problems,
Academy of Sciences,

M ooy



The Problem of Stellar Energy

HE problem of stellar energy was the subject of
() discussion of the Fourth Annual Conference on
AY 4 Theoretical Physics sponsored by the George Wash-

ington University and the Carnegie Institution of
‘Washington, and held in Washington, D.C., on
March 21-23. The Conference was attended by

S. CHANDRASEKHAR (Yerkes Observatory)- astrophysicists studying the internal constitution of
. : : the stars (8. Chandrasekhar, B. Stromgren, T. Sterne,
G. GaMow (George W&Shmgt'on UHWGI‘SIW)- D. Menzel and others) as well as by physicists work-

M. A. Tuve {Carnegie Institution of Washington). 5 %‘;g;ffegmg’;;‘;@%; £ "‘,“"ﬁﬂﬂﬁcs EH.?jﬁlgﬁ

M. Tuve, L. Hafstad, N. Heydenburg and others).

As another possibility the reaction 1H + !H —
2H + B+ was suggested. It seems that the rate
of such &a reaction wunder the conditions in
stellar interiors would be just enough to account for
the radiation of the sun, though for stars much
brighter than the sun other more effective sources
of energy are required.

The possibility of an extremely dense neutron core
at the centre of the star (as proposed by L. Landau)
was also discussed. The study of a number of known
stars does not indicate a central condensation of more
than what corresponds to 90 per cent of the total
mass within half the radius. Thus. so far as astro-



1938 PHYSICAL REVIEW

AUGUST 15, VOLUME 54

The Formation of Deuterons by Proton Combination

‘H. A. BETHE, Cornell University, Ithaca, N. Y.

AND

: 4 C. L. CriTcHFIELD, George Washington University, Washington, D. C.

The proallnty of the astrophysically important reaction |H+H D+ et is calculated. For
the probability of pe Main Form of Proton-Proton (pp) Chain in Sun

through their mutua 1y

can be calculated e &3 al ¥
evolution due to the: / 2 \H\r‘\w
at the center of the s _..h?a 1
degrees). This is alm ) %—Qﬂ fﬂH
tion of the sun (2 er; 7 \ - He \ ¢
'H @ /
H

O v nautrino




Energy Production in Stars*

MARCH 1, 1939 _ PHYSICAL REVIEW
H. A. BETHE

7 Cornell University, Ithaca, New York
The CNO Cycle
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The agreement of the carbon-nitrogen reactions with
_ | observational data (§7, 9) is excellent, In order to give the
correct energy evolution in the sun, the central tempera-

N ture of the sun would have to be 18,5 million degrees while
integration of the Eddington equations gives 19, For the

brilliant star Y Cygni the corresponding figures are 30
< and 32, This good agreement holds for all bright stars of
eesermpetaturewnc)the main sequence, but, of curs, ot for iants,

5 10 5 20 2

It is shown further (§5-6) that no elements heavier than
He! can be built up in ordinary stars. This is due to the fact,
mentioned above, that all elements up to boron are disin-
tegrated by proton bombardment («-emission!) rather than
_ built up (by radiative capture). The instability of Be®

heavier  reduces the formation of heavier elements still further.
than He ?  The production of neutrons in stars is likewise negligible.
The heavier elements found in stars must therefore
have existed already when the star was formed.

¢  Energy
production rate

02

J" i
'fi
4
/
19‘2 L - - |

What about
elements



Why does the Sun shine?

and iti sive

Because that
thermon ignite
and produce hu of energy

released in long timescales



Hans Albrecht Bethe (1908005)

Atomic physics and spectroscopy 194'MHenry Draper Medal

Interactions of fast particles with matter 1959 ranklin Medal
Solid state physics 1961Eddington Medal

Hydrodynamics, especially shock waves 1961Enrico Fermi Award
Nuclear physics (fr 196@511,9%3@2@ t. o
' i ) 19789\ ational Medal of Scienc

Nuclear astrophysics (stellar energy, Starn)| & 1989 omonosov Gold Medal

Gravitational wave sources _ _ 1993 ersted Medal
Nuclear weapons, the arms race, natsa@lrity ¥ 2001Bruce Medal

Energy policy, including fission power 2005Benjamin Franklin Meda

First publication1924(agedld A. Bethe and Y. Terada
fExperiments Relating to the Theory ofdZialigsihrift f. Physik. Chehii2 pp.2560269

Last research publicatio2002aged96 G. C. McLaughlin, R.A.M.J. WijersBBwhA, H. Bethe
Broad and Shifted {&nmoup Emission Lines in GaRayaBursts as Test of the Hypernova Scer
Astrophysical Jourbél 454462

PhysicsNobelprize 1967
for hisdiscoveries concerning the energy production in stars
OProfessor Bethe, you amangyourmang colird@ions ta ghysm

several of which have been proposed for the Nobelweirave choseane which contains less
fundamental physics than many of the others and which has taken only a short part of yot
time insciencel € Yaur solution of the energy source of stars is one of the most important
applications of fundamental physics in our days, having led to a deep going evolution of ¢
knowledge of the universe around .from the presentation speech of Professor Oskar Klei
member of the Swedish AcademSaénces
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Head of Theory Division of
Manhattan Project (194346)

- calculation of critical mass and
efficiency of 235

- with Richard Feynman : formula
the atomic bond explosive yield

E?

Presidentd0s Sci ence AT
195659 ?

Member, US Delegation to Discussions on

Discontinuance of Nuclear Weapons Tests, :n,f “@
195859 b

g A

Scientistanovemenagainstthe projectsof
antiballisticmissiles (60ies) = =
and Stawars(80ies) - Betisss

Te#er

If there were a computation to make,
with the survival of mankind depending on its outcome,
the only person I would trust for that would be Hans Bethe

AfterHBshowed1942}jhatnuclearexplosiorwouldnotigniteatmospherid\

Bethe: « The supreme problem solver of the 20th century » (Freeman Dyson)
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The energy source of the Sun
E ddi n Brésmentiedsddresso the British Association (24/8/1920)

No one seems to have any hesitations, If it suits him, in carrying back the history of the
Earth long before the supposed date of formation of the Solar System [...| Lord Kelvin's

dates [... | are treated with no more respect than Archbishop Usshers.
Only the inertia of tradition keeps the contraction hypothesis alive - or rather, not alive, but

an unburied corpse. A star is drawing on some vast reservoir of energy by means unknown
to us. This reservoir can scarcely be other than the subatomic energy which, it is known,
exists abundantly in all matter; we sometimes dream that man will one day learn how to
release it and use it for his service.

[f only 5% of the mass of the star consists initially of hydrogen, the total heat liberated
will more than suffice for our demands. Is this possible? pondered Eddington and argued:
If Rutherford could break down the atoms of oxygen in his lab, driving out an isotope of
helium, then what is possible in the Cavendish laboratory may not be too difficult in the
Sun.



The energy of the Sun

LuminosityLg =4 1§3erg/s
Time T=4,5Gy = 1.331¢

Energetidemands Energy=Luminosityx Time =5 fé)ergs (1)

Efficiencyof transformation of masseaergy throughd p Y H e€4& 0.007

MassMy =2 1&gr

Nucleaenergyavailable Efucleay = € f M c? (2)

(1) + (2) : Fraction of S u nn@ass (h_hydroger) which participated
In nuclearreactions in the past T=4.5 Gy

f o =0 0.05

EM@C2
How much hydrogen is there in the Sun ?




Stellar spectroscopy reveals

the chemical cgmposition AND physical conditions of stellar surfaces

HB Hy Ii{el Mgll HB Hel Hel Hfl Ho Hel
:z = Theintensityof spectral
o |— linesdependshotonlyon
theabundancesf the
G5
elementsbutalsoon the
N RGO Siar s
vs I | | 0 [D N CTPeC e el
tortmt ot tortt ot 1 t 1 1 11 Ofthestellaratmosphere
Fel Cal CH Fel Fel MgH Fel TiO M}ng ggll Ti0  Ti0 Nal Ti0 Fel Ti0o  Tio
AT TR N TR ) [ ) [ [y S ‘Fel TR (ST (ST DO | ] [ o [ (e I o 1o [ 1| AbundanEIementS
4000 5000 6000 7000
Wavelength (angstroms) mayappear
Surface Temperature underabundant
) 25000 10000 6000 5000 3600 (eg H in the Sun)
=
= :
= Modelsarerequiredo
2 iInfertrueabundance;
§ throughthe
Saha ionisation
0 equation(1925

Spectral Type



1925: Ceclilia Payne
H and He are tmostabundanelementsn stellaratmospheres

Table 3.2 The first table of relative abundances in stellar atmospheres

Z Atom [A] Z Atom
1 H 11 19 K

2 He 8.3 20 Ca
2 He™ 12 20 Ca™
3 Li 0.0 22 Ti

6 Ct 4.5 23 \Y%

11 Na 5.2 24 Cr
12 Mg 5.6 25 Mn
12 Mg™ 5.5 26 Fe
13 Al 5.0 30 Zn
14 Si 4.8 38 Sr
14 Sit 4.9 38 SrT
14 SitH 6.0 54 Ba™

Payne’s Ph.D. thesis, 1925. H and He were omitted from the PNAS publication. The notation is
[A] = LogA. All abundances are relative to hydrogen, which is 101

The outstanding discrepancies between the astrophysical and terrestrial abundances are dis-
played for hydrogen and helium. The enormous abundance derived for these elements in |

the stellar atmosphere 1s almost certainly not real| Probably the result may be considered,

for hydrogen, as another aspect of 1ts abnormal behavior, already alluded to: and helium,

which has some features of astrophysical behavior in common with hydrogen, possibly
deviates for similar reasons. [...| The observations on abundances refer merely to the stellar



ON THE COMPOSITION OF THE SUN’S ATMOSPHERE
By HENRY NORRIS RUSSELL? (1929

19 v -Q-—

il | 0? 0% 41 1%

2

o 1
He g Be C O Ne Mg Si § A Ca Ti Cr Fe Ni 2Zn Ge 5S¢ Kr Sr 2Zr Mo Re Pd Cd Swm
H Li B XN F Ne Al P O K S V Mn Co Cs Ga As Br Rb Yi Nb Ma Rk Ay In Sb

solar atmosphere contains 6o parts of hydrogen (by volume), 2 of helium, 2 of oxygen, 1 of
metallic vapors, and 0.8 of free electrons, practically all of which come from ionization
of the metals. This great abundance of hydrogen helps to explain a number of previously
puzzling astrophysical facts. The temperature of the reversing layer is finally estimated
welght 1s 32 and their total mass 42 mg/cm?. 'The well-known difference between ele-
ments of even and odd atomic number is conspicuous—the former averaging ten times as
abundani as the latter. The heavy metals, from Ba onward, are but little less abundant

Harkinsrule (1915) elementswvith specificpropertiesare more@bundanthanother
(e.g evenvs oddcharge or massumbey




ATOMIC SYNTHESIS AND STELLAR ENERGY. II

ROBERT DOESCOUR

(1931)
ABSTRACT

A synthess theory of stellar energy and of the origin of the elements is developed, in
which the various chemical elements are built up step by step from lighter ones in
stellar interiors, by the successive incorporation ogj protons and electrons one at a time.
The essential feature is that helium, which cannot well be formed in this way, is sup-
posed to be produced entirely indirectly, by the spontaneous disintegration of unstable
nuclei which must first themselves be formed.

Russell has recently shown that the percentage of hydrogen in
stars is probably very much greater even at the present time than
had generally been supposed; in the sun’s atmosphere, for example,
sixty out of every sixty-five atoms are hydrogen. Since in addition
the hydrogen nucleus 1s probably much simpler than any other, it
seems very reasonable to assume that in its initial state any star,
or indeed the entire universe, was composed solely of hydrogen; the




Atkinson (1931) Formation of alelementsfrom
successive captures of protons amdectrons
Insidethe starghemselves
exceptHeliumproducedromradioactivity(!)

from hydrogen to any other element is the formation of helium ac-
cording to the reaction 44"+ 2¢=He A, and this 1s almost cer-
tainly so improbable a process, and depends in any case so extremely
on the density, that we cannot regard it as playing an important
part in supplving stellar energy at all. For the same reasons a direct
synthesis of any other element 1s even more objectionable.

If, however, helium can be supplied otherwise, progressive syn-
thesis from this element onward is much less difficult to imagine.

Roughly speaking, for every proton which enters and remains
within a nucleus, energy corresponding to .0o7 units of atomic weight
will be liberated. This number varies a little according as the mass
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FiG. z.—Amount of the elements in the sun's atmosphere. (After Russell; ordinates at odd 2 values in-
creased by o.6.) ---- Equilibrium amounts; = First class determinations; © Second class determinations.

The relative proportions of the elements in stars of the main sequence follow from the
theory, in excellent qualitative agreement with Russell’s figures for the sun. The scarcity
of the lightest elements, the principal maximum at a fairly early point, a minimum
before the iron group, a maximum in it, a scarcity of all elements above it, and minor
maxima in the barium and lead regions all follow (Fig. 2) without any specml assump-
tions, from Gamow’s theory of nuclear stability, owmg to the peculiarities of the Aston
mass-defect curve.



On Elementary Transmutations
in the Interior of Stars: Paper II (1937)

Carl Friedrich von Weizsacker
(1912 - 2007)

nuclear reactions exert two different influences at the same time: They change the
physical state of the matter by releasing energy and its chemical composition by
transmuting the elements. The ULHLIdtlUH of energy 1s the unproblematic part of
the theory to consider: Nuclear reactions or effects of similar energy yield are
necessary to explain stellar radiation; and the build-up hypothesis 1s equivalent to
the assumption that the nuclear processes sufficed for that on their own as well.
Transmutation of the elements, however, 1s to a certain extent a side-effect of the
nuclear reactions, yet nothing i1s known about its importance in the history of
stellar lifetimes. The empirical frequency distribution of the chemical elements
exhibits characteristic regularities apparently quite uniformly valid throughout the
entire cosmos, which compel us to attempt to explain 1t by assuming a uniform
formation process. It would suggest itself to look for this process in the element
transmutations necessarily connected with the generation of energy in the stars.
Yet we cannot exclude at the outset the possibility that the chemical elements were
formed by another process prior to the formation of the stars as we know them
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It is shown further (§5—6) that no elements heavier than
He? can be built up in ordinary stars. This is due to the fact,
mentioned above, that all elements up to boron are disin-
tegrated by proton bombardment («-emission!) rather than
built up (by radiative capture). The instability of Be®
reduces the formation of heavier elements still further.
The production of neutrons in stars is likewise negligible.
I'he heavier elements tound i1n stars must theretore

ave existed already when the star was formed.
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AN ATTEMPT TO INTERPRET THE RELATIVE ABUNDANCES
OF THE ELEMENTS AND THEIR ISOTOPES

S. CHANDRASEKHAR AND Louis R. HENRICH 1942
1. Introduction.—It is now generally agreed that the chemical elements cannot be
synthesized under conditions now believed to exist in stellar interiors. Consequently,
the question of the origin of the elements is left open. On the other hand, the striking
regularities which the relative abundances of the elements and their isotopes reveal
(e.g., Harkins’ rule) require some explanation. It has therefore been suggested that the
elements were formed at an earlier, presiellar, stage of the universe.

discussion of this problem by von Weizsicker® has indicated that we should- dlstmgursh
at least two distinct epochs in the prestellar state: an initial epoch of extreme density
and temperature, when the heaviest elements, like gold and lead, were formed; and a
later epoch of relatively ““moderate” condltmns during which the present relative abun-
dances of the lighter elements beyond oxygen (to at least sulphur, as we shall see in

Starting at temperature T~ 10 GK (10 109 K) |
and density r~108 g/cc
built nuclei around Si

In conditions of NUcClear equilibrium 2
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Expanding Universe and the Origin of Elements

G. GAMow

The George Washington University, Washington, D. C.

September 13, 1946

T is generally agreed at present that the relative abun-

dances of various chemical elements were determined

by physical conditions existing in the universe during the

early stages of its expansion, when the temperature and

density were sufficiently high to secure appreciable reac-
tion-rates for the light as well as for the heavy nuclei.

Returning to our problem of the formation of elements,
we see that the conditions necessary for rapid nuclear
reactions were existing only for a very short lime, so that it
may be quite dangerous to speak about an equilibrium-
state which must have been established during this period.
It is also interesting to notice that the calculated time-
period during which rapid nuclear transformations could
have taken place is considerably shorter than the f-decay
period of free neutrons which is presumably of the order
of magnitude of one hour, Thus if free neutrons were
present in large quantities in the beginning of the expan-

NOT nuclear equilibrium
but

time-dependent
treatment of

nuclear reactions
IS necessary

and there is little time
available
(less than
the time for
neutron decay ~1 h)
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Thus the observed slope of the abundance curve must ,
not be related to the temperature of the original neutron || fi| s
gas, but rather to the time period permitted by the expan- || Il N} { =
sion process. Also, the individual abundances of various 2| ||
nuclear species must depend not so much on their intrinsic
stabilities (mass defects) as on the values of their neutron
capture cross sections, The equations governing such a o
building-up process apparently can be written in the form: x

n-capture crossections
for A>20
acem fromdeclassifiedlata

.{ (Hughes 1946
n
| M‘”‘

APS meeting)
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i

dn; : '
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where #; and ¢; are the relative numbers and capture cross .4
sections for the nuclei of atomic weight 7, and where f(¢) is a
factor characterizing the decrease of the density with time.

MasshumberA = Protons + Neutrons



The Washington Post, 16 April 1948 “Five Minutes, Eh?”

A Wo r Began in 5 Minutes, New T heor yo

At the very beginning of everything,the universe had /7)
infinite density concentratedn a single zero point Then =38 i
just 300 seconds d five minutes d after the start of X
everythingtherewasa rapidexpansiomandcoolingof the SR @
primordialmatter The neutronso those are the o
particles that trigger the atomic bomb &
starteddecayinginto protons and building o
up the heavierchemicalelementsé Thisact
of creationof the chemicalelementsook the surprisingly e
short time of an hour (The Bible story said something 7aN i
aboutsix daysfor theactof creation) e SN
5 3>.|()'3's 084s.| Be | 198 |203m | 11ms
Fermi and Turkevichl@49 unpublished)  «f _ [soms| % [tofslsiondion] |
No elements beyond He, because ofAgap, Y I 4.I0’nsi
2| 3T | e 516225102 | :
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Address to Pontifical Academy of Sciences

Presentday scienc!,:elfo‘\-/rvithué]e(lsgv%gping step back across

millions of centuries, has succeededin bearing witness to
that primordial "Fiat lux" uttered at the momentwhen, along
with matter, there burst forth from nothing a sea of light and

radiation, while the particles of chemical elements

split andformedinto millions of galaxiesf

Hence, creation took place in time. Therefore, there is a
Creator Therefore,Godexists! Althoughit is neither explicit
nor complete,this is the reply we were awaitingfrom science,
andwhichthe presenthumangenerationis awaitingfromit.

We mayspeakof this eventas of a beginning | do not say
a creation Physicallyit is a beginningin the sensethat if
something happened before, it has no observable
iInfluenceon the behaviorof our universe,as anyfeature of
matter before this beginning has been completelylost by
the extreme contraction at the theoretical zera The




