A BRIEF HISTORY O

TH

Nikos Prantzos

EAR ASTROPHYSICS

Institut d’Astrophysique de Paris



)
©
g R QVUJ
f._mz,.\__ .
@) mev'A' : DI
A — S
5 SRASH S
Yo LRd 2 ©
D 5N < =
‘ ._kIH./.. _ 0\. N
— ’O.J
b S|
- %)
<
- ..ﬁm.e
ol
:mu
opN

- \

- = S
o

. =N
. et

- .__J__/ : \. \
Astrophysics

\ -




Dmitri
lvanovitch
Mendeleiev

T - va’}‘ &:ﬂ ,). /4
Periodic UeSy Nsgp Ytt
\ Cose o gs W 4
Table of the
\\ \Q-\\‘ Miass  Kdoprygy #oayy
Elements (1869) Kesw  dozity .y
N Ko sy f?:/n’ ey
. N Hm/ ./s‘ it" (.u;r  le =/t b2
» red¥y skt Conwt ?
iy - - oY .0'.1;.0..)=o: b Vb Mo
\) 2.. (=/¢ -'-"- 4 ] i ./; /77
& ‘z Na /Y f= 3/ ’{l.ﬁ Herte A%
§ W Der6 /a2 A .ﬁ, b7 M
\ . Fzp de Yy fra Tasdy
" \/ \":} a2 Le .!’ /fla l;‘l (Ja -//a‘ ¥
‘J' lizto Ly "1 E I - 4
Y=t Gy
Pcasv? GV
a 1 Gruppo L Gruppo 1L | Gruppe IIL | Gruppe 1V. | Groppe V. | Groppo VL | Gruppoe VIL Gruppo VIII
9 = - - RE¢ RH? RE? RE —
= R'0 RO R*'0? RO* R*0* RO? R0’ RO¢
1 =1
2 |Li=7 Bo=94 B=11 C=12 N=14 0=16 Fe=19
8 Na=28 Mg:=24 Al=2738 Bi=28 P=381 8=382 Cl==135,5
4 |K=39 |Ca=140 —dd =48 V=51 Cre=562 Mne=66  |Fo==050, Co=109,
Ni=p9, Cu=03.
5 (Cu=63) Zne=65 —=G8 —_—72 =75 So=178 Br=80
6 |Rb=86 Br=87 ?Yt=88  |Zr=090 Nb=94 Mo=98 |—=100 [Bu=104, Rh==104,
Pd=106, Ag=108,
7 | (Ag=108)] Cd=112] In=113 =118 8b=122] To=125 J=127
8 (Ce=188 [Ba=187 [?Di=188 [ICe==140 | — = — — o o o
¢ =) = = — = - —
10 | — —_ ?Br=178 [tLa=180 [Ta==182 [W=184 - Os=195, Ir=197,
Pt=198, Au=199,
11 | (Au=2199)| Hg==200 TI==204] Pb=207] Bi=208 - -
12 |— — - Th=231 -~ =240 - = e
1 1




Periodic table of the elements

[] Alkali metals

[] Halogens

Y group [] Alkaline-earth metals [_] Noble gases

E’_ L [] Transition metals [ ] Rare-earth elements (21, 39, 57-71) 18

; 1 B Oiher ifistals and lanthanoid elements (57-71 only) 2

H 2 13 14 15 16 17 He

3 2 [] Other nonmetals [] Actinoid elements 5 6 7 8 9 10

2| Li | Be B|C|[N|O/|F/|Ne
11 12 13 14 15 16 17 18

3 Na | Mg | 3 4 5 6 7 8 9 10 11 12 | Al | Si P S | Cl | Ar
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

4 K | Ca| Sc | Ti V [Cr | Mhn| Fe |Co | Ni [Cu|Zn | Ga | Ge | As | Se | Br | Kr
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54

> Rb|sSr| Y |2zr|Nb|Mo| Tc | Ru|Rh| Pd Ag | Cd | In [ Sn | Sb | Te | Xe
55 56 57 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86

6 Cs|Ba|La| H | Ta| W |[|Re|(Os | Ir | Pt | Au|Hg | Tl | Pb | Bi | Po | At | Rn
87 88 89 104 |105 (106 (107 (108 109 |110 (111 |112 |113 |[114 (115 |116 |117 (118

"' Fr |Ra|Ac | Rf |Db | Sg |Bh [Hs | Mt [Ds |Rg|Cn | Nh | FI [Mc| Lv | Ts | Og
lanthanoid series 6 58 59 60 61 62 63 64 65 66 67 68 69 70 71

Ce | Pr [Nd ([Pm|(Sm | Eu | Gd | Tb [ Dy [ Ho | Er | Tm | Yb | Lu
Sl s ESHEE 7 90 o1 92 93 94 95 96 97 98 99 100 (101 (102 (103
Th | Pa| U [Np|Pu |Am |Cm Bk | Cf | Es | Fm | Md | No | Lr

*Numbering system adopted by the International Union of Pure and Applied Chemistry (IUPAC).

© Encyclopaedia Britannica, Inc.




Composition of Earth’ crust
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Stellar spectroscopy reveals the presence
of chemical elements in stellar surfaces.

Determination of abundances requires
models of stellar atmospheres
(quantum mechanical Saha equation)

1925: Cecilia Payne
H and He are
the most abundant
elements
In stellar atmospheres

=N
The outstanding discrepancies between the astrophysical and terrestrial abundances are dis-
layed for hydrogen and helium {The enormous abundance derived for these elements in]
he stellar atmosphere 1 almost certanly not 1‘eal.‘Pr0bably the result may be considered,
[or ydrogen, as another aspect of 1ts apnormar behavior, already alluded to; and helum,
which has some features of astrophysical behavior i common with hydrogen, possibly




ON THE COMPOSITION OF THE SUN’S ATMOSPHERE
By HENRY NORRIS RUSSELL? (1929)
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solar atmosphere contains 60 parts of hydrogen (by volume), 2 of helium, 2 of oxygen, 1 gf  specific properties
metallic vapors, and 0.8 of free electrons, practically all of which come from onization 2" trr?ore ?r?“”da”t
of the metals. This great abundance of hydrogen helps to explain a number of previously an OTers:
puzzling astrophysical facts. The temperature of the reversing layer is finally estimated even vs odd charge



ATOMIC SYNTHESIS AND STELLAR ENERGY. II
ROBERT D’ESCOURT ATKINSON (1931)

ABSTRACT

A synthesis 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 otp protons and electrons one at a time.
The essential feature is that elium, 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

hde generally been Esupposed; in the sun’s a,tmosphe.re, fqr exa,n.l}?le, 4p*+2e = He-d
sixty out of every sixty-five atoms are hydrogen. Since in addition

seems very reasonable to assume that in its initial state any star

the hydrogen nucleus is probably much simpler than any other, i]
or indeed the entire universe, was composed solely of hydrogen; th
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Ba where they are

Ph observed,

H
Q\;‘f. /i starting by H and He

b o— -

—1 - N—
o 1o 20 a0 Fl=) [{s] [i%e el Ho A (e l=1

F1a. 2.—Amount of the elements in the sun's atmuﬁphere (After Russell; mdm*ntes atodd &£ va]ues in-

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 specm,l assump-
tions, from Gamow’s theory of nuclear stability, owmg to the peculiarities of the Aston
mass-defect curve.



On Elementary Transmutations Are stars making
in the Interior of Stars: Paper II (1937) their own elements
or is it something else

Carl Friedrich von Weizsacker preceding them?
(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 generation of energy is the unproblematic part of
the theory to consider: Nuclear reactions or effects of similar energy vield 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-eftect of the
nuclear reactions, vet nothing 1s known about its importance in the history of
stellar Iifetimes. 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 it 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 bv another process prior to the formation of the stars as we know them



The Weizsacker family

Ernst Heinrich von W. Richard Karl von W. Carl Friedrich von W.
\c/l\i)olomat,_ politician Politician Physicist, Philosopher

ar criminal : President of German republic German research team on
after Nuremberg |l trial (1984-1993) nuclear weapons in World War ||

1945: Operation Alsos and the Farm Hall transcripts (released 1993)

Weizsacker: "l believe the reason we didn't do it was because all the physicists didn't want to do it, on
principle. If we had wanted Germany to win the war we would have succeeded!”

Heisenberg: “Well, that's not quite right. | would say that | was absolutely convinced of the possibility of
our making a uranium engine, but | never thought we would make a bomb and | am glad we did not.”

Max von Laue called this agreement "die Lesart" (the Version) : "The leader in all these discussions
was Weizsacker. | did not hear any mention of any ethical point of view."



The CNO Cycle

Energy Production in Stars* o N
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It is shown further (§5—-6) that »no elemenits 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 (a-emission!) rather than
built up (by radiative capture). The instability of BeS
reduces the formation of heavier elements still further.
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.




Early studies and ideas about the origin of the elements (up to 1940)

1915: William Harkins

Even elements on Earh’s crust are

more abundant than adjacent odd ones

1925: Cecilia Payne due to the structure of their nuclei
Stars are made mostly of Hydrogen

1929: Henri Norris Russell
Stellar abundances display specific
regularities, similar to those on Earth
1931: Robert Atkinson
& Stars build up their elements in their interiors
& by pre-existing Hydrogen (except for He !)

1937: Carl F. von Weizsacker [

i

perhaps the elements were made by another ‘"E‘" Py -

universal process, prior to their formation § ""

1939: Hans Bethe

Normal stars cannot built in their interiors
elements heavier than Helium.




e COSMIC ABUNDANCES

-

1 -
g log(Si) =6 : Cosmic abundances of nuclides
8 = are locally correlated with
: E nuclear stability
Z — (Binding energy per nucleon):
= E alpha-nuclei (A=multiple of 4),
(1} E “magic” nuclei,

1 .5 Fe peak nuclei or

:g nuclei with even A or Z

are more abundant
than their neighbors

]

Nuclear processes
have shaped the
cosmic abundances
of the chemical elements

6.4

BINDING ENERGY PER NUCLEON
(MeV /nucleon or 1011 Joule/g)
. o N E s me i e e e s S : WHERE ? HOW ? :
20 A0 60 100 150 200 T UPRRRRRRPRRR :
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Nuclear Reactions

® ® o System of interacting nuclei at temperature T and density p
@ O evolving for lapse of time L
®e ®
® O ® O ® Nuclear reactions A+B = C+D
@ proceeding at rate R

1. R>>1/L: All direct and inverse reactions proceed very fast: A+B < C+D

Nuclear o
o 2nkT M (A;, Z; A;, Z;) +|B(A;, Z;
statistical X;(Ai, Zi, T, p) = - o(T) [ = ( ) exp i ( ) +1B( )
. p- . NAp h? kT
equilibrium

Abundances of nuclei depend on T, p and their binding energies B

2. R =<1/L: Reactions proceed slowly: A+B=C+D

Abundances of nuclei depend on reaction rates R(T, p)
and are coupled to the abundances of all other nuclei of the system
Time-dependent treatment required



AN ATTEMPT TO INTERPRET THE RELATIVE ABUNDANCES
OF THE ELEMENTS AND THEIR ISOTOPES

S. CHANDRASEKHAR AND Louis R. HENRICH 1942 :

1. Iniroduction.—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
t elements were formed at an earlier, prestellar, stage of the universe.

discussion of this problem by von Weizsicker® has indicated that we should-distinguish
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” conchtmns durmg which the present relative abun-
dances of the lighter elements bevond oxygen (to at least sulphur, as we shall see in

Subrahmanyan
_Chandrasekhar

B[
Starting at temperature T~10 GK (10 10° K) ofF L
and density p~108 g/cc built nuclei around Si
In conditions of nuclear equilibrium S
A+Be C+D
then atlower T and p built lighter nuclei =
But Fe and heavier nuclei NEVER produced =L
Temperature ( GK)
o ; .

6 8 IO 12 19

-
D



THE SYNTHESIS OF THE ELEMENTS FROM HYDROGEN'

Elements are
. Hoyle made inside
(Received 1946 April 6 1) stars, but not
Inside those
y. o Summary where they are

Stars that have exhausted their supply of hydrogen in regions where observed !

thermonuclear reactions are important enter a collapsing phase. If the

mass of the star exceeds Chandrasekhar’s limit collapse will continue until They are first
rotational instability occurs. Rotational instability enables the star to throw dispersed in
material off to infinity. 'This process continues until the mass of the nterstellar

remaining stellar nucleus becomes of the order of, or less than Chandrasekhar’s space, to form
limit. 'The nucleus can then attain a white dwarf equilibrium state.

The temperature generated at the centre of a collapsing star is considered new stars
and it is shown that values sufficiently high for statistical equilibrium to exist
between the elements must occur. The relative abundances of the elements But
can then be worked out from the equations of statistical mechanics. These HOW

equations are considered in detail and it is shown that a roughly uniform the material
abundance of the elements over the whole of the periodictable canbeobtained.  gets out of
The process of rotational instability enables the heavy elements built up  the star ?
in collapsing stars to be distributed in interstellar space.



Georges Albert
Lemaitre Einstein

Lemaitre 1927 :
Recession of galaxies
explained as due to
expansion of the Universe

Einstein to Lemaitre:
Your calculations are correct,
but your physics is atrocious”

1931:
Explosion of the
Primeval Atom

Expanding Universe and the Origin of Elements

G. GaMow

The George Washington U niversity, Washington, D, C.

September 13, 1946

IT 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 rapud 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 g-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

time-dependent
treatment of

nuclear reactions
IS necessary

little time available
(less than
the time for
neutron decay ~1 h)



The Origin of Chemical Elements oy
R. A. ALPHER¥* Phys.Rev., April 1st 1948

Applied Physics Laboratory, The Johns Hopkins University,
Silver Spring, Maryland

AND

H. BETHE
Cornell University, fthaca, New York

AND

G. GaMmow €
The George Washington University, Washington, D. C. |
February 18, 1948 W
Thus the observed slope of the abundance curve must  4}f |
not be related to the temperature of the original neutron .|
gas, but rather to the time period permitted by the expan- } n-capture cross-sections
sion process. Also, the individual abundances of various 2} e ormdcn A 20
nuclear species must depend not so much on their intrinsic from declassified data
stabilities (mass defects) as on the values of their neutron IFT of the atom bomb tests
capture cross sections. The equations governing such a 9| Ppr (Hughes 1946 APS meeting)
building-up process apparently can be written in the form: | 1

1 page, 1 equation, 1 figure

Log (Abundances)

."{ _
o)

dn; . Zt I !
— = O@ma—om) i=12,-238, (1) ’ [
where #; and o; are the relative numbers and capture cross  -¢ L = =5 =5 =55 20

sections for the nuclei of atomic weight 7, and where f(¢) is a
factor characterizing the decrease of the dencitv with time.

Mass number A = Protons + Neutrons



The Washington Post, 16 April 1948 : “World Began in 5 Minutes, New Theory”
At the very beginning of everything, the universe had infinite density concentrated in a single zero point.

Then just 300 seconds — five minutes — after the start of everything, there was a rapid expansion and
cooling of the primordial matter. The neutrons — those are the particles that trigger the atomic
bomb — started decaying into protons and building up the heavier chemical elements. ... This

act of creation of the chemical elements took the surprisingly short time of an hour. (The Bible
story said something about six days for the act of creation)

5 3.102'| 084s.| ?Be | 19B |203m | 11ms

4 807ms LJLi | 10%.8.10-19d 19205
3 8. 6Li | TBe l4.102
5| 31 p22 21
2 3.10:225(5.10°2s
23y - ) A&8 Bai

rier

o
o
[0

-
=
>

1l
LA
&=
3.
o
q

H He Li Be B ™ N

8
0

Fermi and Turkevich (1949, unpublished)
No elements beyond He, (Li) because of A=5 (8) gap

Hayashi (1950): At T~101°K : n < p equilibrium

After the discovery of 3 K microwave background
(Penzias and Wilson 1965):

Peebles (1966), Wagoner, Fowler and Hoyle (1967)
Z First calculations of « realistic » Big Bang nucleosynthesis



Address to the Pontifical Academy of Sciences ( September 1951)
THE PROOFS FOR THE EXISTENCE OF GOD IN THE LIGHT OF MODERN NATURAL SCIENCE

N Present-day science, with one sweeping step back across millions of centuries, has
¢ succeeded in bearing witness to that primordial "Fiat lux" uttered at the moment

B when, along with matter, there burst forth from nothing a sea of light and

radiation, while the particles of chemical elements split and formed into

millions of galaxies...

Hence, creation took place in time. Therefore, there is a Creator. Therefore,

God exists! Although it is neither explicit nor complete, this is the reply we were
- awaiting from science, and which the present human generation is awaiting from it.

We may speak of this event as of a beginning. | do not say a creation.
Physically it is a beginning in the sense that if something happened before, it has
no observable influence on the behavior of our universe, as any feature of matter
before this beginning has been completely lost by the extreme contraction at the
theoretical zero. The question If it was really a beginning or rather a
creation, something started from nothing, is a philosophical question 3
which cannot be settled by physical or astronomical considerations G. Lemaitre




G. Gamow: all elements were produced
In the hot primordial Universe (Big Bang)
by successive neutron captures

Early 1950ies

: F. Hoyle: all elements produced
| % Inside stars during their collapsing stage,
o \ by thermonuclear reactions

Stellar Halo _ _
e Old stars of galactic halo (Population II)

contain less heavy elements (metals)
than the younger stellar population
(Population I) of the galactic disk
Chamberlain and Aller 1951

1 600
light-years

The chemical composition of the Milky Way
was substantially different in the past

) | ;
1 TR aiobuiar clusters
Stellar Haio T —



NUCLEAR REACTIONS IN STARS WITHOUT HYDROGEN*

LABORATORY OF NUCLEAR STUDIES
CorNELL UNIVERSITY
October 2, 1951

verted into helium by means of the carbon-nitrogen cycle. When the energy supply of the =
carbon-nitrogen cycle has been exhausted, the star undergoes gravitational contraction,
and its temperature increases. Various nuclear processes’ » * have been suggested for
such a contractmg star, all of which requlre temperatures.of well over 10 K. The main
aim of this note is to point out that there is one nuclear process which takes place at a
much lower temperature of about 2 X 10% K, namely, the conversion of three helium

nuclel into one carbon nucleus.

5 3.10%s 203m | 1lms
4 807ms 81019 19.20¢
‘T
3 81022 TBe 4.10-225|
3"' -y ' Y ‘ [
2 3.10:2%(5.102's :
123yr iy A=8 Barrier
. | i |
1| %D 3He A=3 Barrier
|
: |
ol 'H
| 2 3 4 5 6 7 8
H He L Be B C N O

NY

E. E. SALPETER

The Triple Alpha Process

(Helium Fusion)

ZHe ¥
d -?J\ 'sC
NN )

4 I .
E‘HE/ Reversiblé

r’ﬂ / reaction /

O 1st step e 2nd step
(alpha particle) OK IHe ™ NOT OK!



Formation and survival of C-12 in He-burning

PrcIJbabiIitytpf Energy
nuclear reaction
It becomes very Level 1 Level 2
high when the Level 1
reaction is 4}, Fund "
undamenta
resonant Energy Nucleus 1 W  “Nucleus 3 -
9641 3- 200 1-
8872 i
Salpeter .
Formation of 7654 o+ 0
Be8 [7367] o+ 71 e = -
o F o - SBe. / 4439 24
Fred Hoyle suggests that the Formation of Az 7o
reaction Be8 + o = C12 is resonant C12 ez ”
because of the existence of a Hoyle [7162]12C o+ L~ 6129 5
nuclear energy level at7.7 MeV 4 6049 o+
(unknown at that time) in C12 Survival of
C12 e i

The level is found in William Fowler’s
Kellog laboratory in 1953

First quantitative prediction of a microscopic property of matter (structure of C12 nucleus)
from a macroscopic one (abundances of C12 and O16)

1st and only « prediction » of the Anthropic Principle ?



Formation of Carbon (C-12)

PHYSICAL REVIEW VOLUME 92, NUMBER 3 NOVEMBER 1, 1953

The 7.68-Mev State in C2

D. N. F. Dunsar,* R. E. Pixtey, W. A. WENZEL, AND W, WHALING :
Kellogg Radiation Laboratory, California Institwle of Technology, Pasadena, California

(Received July 21, 1953)

Magnetic analysis of the alpha-particle spectrum from N*(d,a)C* covering the excitation energy range
from 4.4 to 9.2 Mev in C2 shows a level at 7.6840.03 Mev. At E4=620 kev, f1.1=90°, transitions to this
 state are only 6 percent of those to the level at 4.43 Mev.,

ALPETER! and Opic® have pointed out the im-| that this reaction should have a resonance at 0.31 Mev

portance of the Bed(a,y)C! reaction in hot stars |_orat 7.68 Mev in C.
which have largely exhausted their central hydrogen.  An early measurement :.:}f Fhe range of the alpha
Hoyle* explains the original formation of elements particles from N™(d,a)C"? indicated a level in C_l'*" at
heavier than helium by this process and concludes from 7.62 Mev.* However, a recent magnetic analysis of

the observed cosmic abundance ratios of O:C2:Het this reaction failed to detect a transition to any level
—_— in this region of excitation, nor did the level show up

*On leave from the University of Melbourne, Melbourne, jn the neutron spectrum® from B'(d,n)C™ From the
Australia. NI

E. E. Salpeter, Annual Review of Nuclear Science (Annual ¢ M. G. Holloway and B. L. Moore, Phys. Rev. 58, 847 (1940).
Reviews, Inc., Stanford, 1953), Vol. 2, p. 41, 5§ R. Malm and W. W. Buechner, Phys. Rev, 81, 519 (1951).

2 E, J. Opic, Proc. Roy. Irish Acad. A54, 49 (1952). 6 W, M. Gibson, Proc. Phys. Soc. (London) A62, 586 (1949);

3 F, Hoyle (private communication). V. R. Johnson, Phys. Rev. 86, 302 (1952).
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ON NUCLEAR REACTIONS OCCURRING IN VERY HOT STARS. I THE
SYNTHESIS OF ELEMENTS FROM CARBON TO NICKEL

F. Hovie* (1954)

INTERGALACTIC
MATERIAL

l

GALAXIES

INTERSTELLAR ORDINARY COLLAPSING
GAS STARS STARS
ELEMENT
BUILDING
EJECTED
MATERIAL h 4
EXPLOSION

F1c. 1.—The general cosmological framework assumed for this discussion
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Abundances of the Elements”

Hans E. Sugess,t U. S. Geological Survey, Washington, D. C.
AND

Harorp C. UReyY, Depariment of Chemasiry and Enrico Fermi Institute for Nuclear Studies,
University of Chicago, Chicago, Illinois
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Reviews of Modern Physics 1957
Svnthesis of the Elements in Stars”

E. MarcarET BourpiDcE, . R. Burpmmce, WIitrntan A, FowrpeEr, AND F. HovLeE

Kellogg Radiation Laboratory, Californie I'nstitute of Techrology, and
Mot Wilson and Palomar Observalories, Carnegie Tnstitwlion of Waskingion,
Californig Institsete of Technology, Pasadena, California

“It is the stars, The stars above us, govern our conditions® ;
(Keing Lear, Act TV, Scene 3)

but perhaps

“The fault, dear Brutus, is not in our stars, But in ourselves,”
Julivs Caesar, Act I, Scene 2)

Margéret Geoffrey: Williamr=, & - -Fred
Burbidge Fowler . ‘_Hoyle

- B =5
2N i)
a\"‘ e Lr =

H

- .
-



HYDROGEN BURNING

H' bl He?

CN\‘ n from (o,,n) on 4N+1 nuclei Data on

5;? ‘0'2—-» B Pl . JEL . 2 neutron capture
g 4// e cross-sgctlons
2 ‘ - / l / ‘ and yields

§ 016/ o7 0 £ from the first
E / H-bomb test
l l P l l ‘ in Bikini island

Ne ° -v/ Ne”'——-— NeZ — Na°>-— Né&° (1952)

w
éz l /n S-process 5 u;-process
ﬁf—:’ Mg24 on Ne2?2 P ' o 2
o
%g ‘e-process ﬂ
gg Nu: Rich -
25 'é’on 3 : | Ti

" Group |\ Siom seeture( s procsse)

k___..gle‘:"_"yn - Rapid capturg (T -process
P T )
Proton Rich eine ct onte
Isotopes ' a-decay \
p-proceSS) | tission
y-process

ransbismuth

(U, Th, etc)




1957 :
Alastair G. W. Cameron

Nuclear reactions
in stars and
nucleogenesis

(Chalk River report)

Elements

D, Li, Be, B

He, C, N, O, F, Ne

Ne to Ca

Fe peak

Heavy elements :

(a)

(b)

()

(d)

Unshielded

Shielded

Excluded

Trans-bismuth

Method of Formation

Not formed in stellar interiors. Possibly made by
nuclear reactions in stellar atmospheres

Hydrogen and helium thermonuclear reactions in
orderly evolution of stellar interiors

1. Heavy-ion thermonuclear reactions in orderly
evolution of stellar interiors

2. Neutron capture on slow time scale

3. Hydrogen and helium thermonuclear reactions
in supernova explosions

Statistical equilibrium in pre-supernovae and in
supernovae

Neutron capture on fast time scale in Type 1 super-
novae

Neutron —apture on slow time scale in orderly evolu-
tion of stellar interiors

1. Proton capture and photonuclear reactions in
Type 1I supernovae

2. Photonuclear reactions on slow time scale in
orderly evolution of stellar interiors

Neutron capture on fast time scale in Type I super-
novae
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THE MYSTERY OF THE COSMIC HELIUM ABUNDANCE

By Pror. F. HOYLE, F.R.S,, and Dr. R. J. TAYLER
University of Cambridge

This brings us back to our opening remarks. There has
always been difficulty in explaining the high helium
content of cosmic material in terms of ordinary stellar
processes. The mean luminositics of galaxies come out
appreciably too high on such a hypothesis. The argu-
ments presented. here make it clear, we believe, that the
helinm was produced in a far more dramatie way. Kither
the Universe has had at least one high-temperature,
high-density phase, or massive objects must play (or

, 11E \” 1 nucleus of He for 10 nuclei of H: =
10 . . =
: 5 o 25% of the mass of the Universe is He
: o ?
= (] B
= s =
3 a4 =
f‘ 3 4 Te Xe B _g
=2 MORWC' os Bt Y _E
NG i CdD¥ Ervb ~\Ha E
' RRAG Lsb  Cste d s OV AuT 5 Th 3
© e e e B i

— 1

O 10 =20 30 4O 50 SO v O 80 S0
Element Charge Z



1965 : discovery of the *This lecture was delivered December 8, 1978, on the oc-

Cosmic Microwave Background casion of the presedtamon of the 1978 Nobel Prizes in
Physics.

The ongm of the elements

Arno A. Penzias

Communications Sciences Division, Bell Laboratories, 4E-605,

Wilson | 27! Throughout most of recorded history, matter was
SrecTRUM OF THE Cosmic

AEicRoswave T ACKEROLIN thought to be composed of various combinations of four
N e £ T basic elements; earth, air, fire, and water. Modern

| ' | | ' science has replaced this list with a considerably longer
one; the known chemical elements now number well
over one hundred. Mostof these, the oxygen we breathe,
the iron in our blood, the uranium inour reactors, were
formed during the fiery lifetimes and explosive deaths

: of stars in the heavens around us. A few of the elements
ot ' | ' ' |were formed before the stars even existed, during the

1 0.2 0.1 0.07 0.05

Wavelength (em) Ihirth of the universe itsplf |

400 |

T =2.725 + 0.001°K °

)
W
o
o

200 |

Intensity (MJy/sr
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ON THE SYNTHESIS OF ELEMENTS AT VERY HIGH TEMPERATURES*

ROBERT V. WAGONER, WILLIAM A. FOWLER, AND F. HOYLE
California Institute of Technology, Pasadena, California, and Cambridge University
Received September 1, 1966

ABSTRACT

A detailed calculation of element production in the early stages of a homogeneous and isotropic ex-
panding universe as well as within imploding-exploding supermassive stars has been made. If the recently
measured microwave background radiation is due to primeval photons, then significant quantities of
only D, He?, He4, and Li” can be produced in the universal fireball. Reasonable agreement with solar-
system abundances for these nuclei is obtained n=4.0e-10 N.=3.0
density is ~ 2 X 1073 gm cm?, corresponding - '

100E_ | |||||H| I |||||||| | |||||||| | IIIII_IQ
3 P
10

n e

Hayashi (1950). n - p equilibrium

X(n)/X(p)~0.13 at freeze-out
X(He-4) ~ 2 X(n) ~ 0.25

-Only way to produce so much He4
- (25 % by mass)
-Only way to produce Deuterium
(destroyed in stellar interiors)

Mass Fraction

i Illlllll lﬂ\lllllll | Illlllll | Ll
10° 10> 10°

In excellent agreement with observations

Time (s)



Back to Hydrogen envelope

the stars

Radius:
700 000 000 km
=1000 R@

Massive stars
“burn” heavier and
heavier nuclei,
until they turn
their cores
into iron

Fe-56

Fe-56 is the most stable nucleus in nature
(its reactions are endothermic).
No nuclear energy source available in the core



Advanced evolution and nucleosynthesis phases in massive stars

Because of the increased sensitivity of nuclear reactions to temperature
heavier nuclei are produced closer to the centre of the star

The outer layers keep (partially) the products of previous phases
of stellar nucleosynthesis

The « onion skin » model (Hoyle 1955)

The material synthesized in stellar interiors must come out through the
final event of a supernova explosion : which mechanism ?

Explosive nucleosynthesis produces new elements, including
radioactivities, powering the SN lightcurve ; which ones ?

F. Hoyle & W. Fowler (1960) « Nucleosynthesis in supernovae »

Layers above the Fe core also Type |l Type |

fall inwards, they are heated ~ QOps: Hydrogen  Obs:No Hydrogen

and ignite their nuclear fuels :
Massive stars Small mass stars

Thermonuclear explosion Imploding core Non imploding




MAGNITUDE

What powers the exponentially decreasing lightcurves of supernovae ?

| Luminpsity
14 o6
SUPERNOVA ENERGY DECAY
_,2\ 1% SOLAR MASS CONVERTED
~_ —o®
-10 \\“\ %
\\ \ -"“-x_____ 254 P Y _h044 ?}
. - ~ —~— | O PLUSDECAYS (A>110) %
) ﬁahi:;} H“HHH_ m—
. ALLDECAYS” | ™~ = [ g™ "
= "‘--.__\_‘\ \\{\
"‘--..____‘__‘_h-
. %hﬁaﬁ "
N
B2FH T~
00 200 300 400 500 600

DAYS

Hoyle and Fowler 1960: Explosive nucleosynthesis

sions. T/e inpu

Radioactivity,
of lifetime ~2 months

Be-7 : Borst 1950
Cf-254: Baade, B2FH 1956

PANKEY, Jr., Titus, 1925-~
POSSIBLE THERMONUCLEAR ACTIVITIES IN
NATURAL TERRESTRIAL MINERALS, |

Howard University, Ph.D., 1962
Physics, nuclear

Ni56 — Co056 — Feb6
7/ days 2 months

t of radioactive energy into the exploding debris of supernovae cannot be neglected. Further-

more, the production of Cf2?%¢ within an interval of a few microseconds in the first hydrogen bomb test in
1952 must be taken as observational evidence for the rapid process of neutron capture, by which fission-
able material is produced in supernova explosions. The heaviest nucleus in the bomb components was
U238, At least 16 neutrons were added in the short interval of the bomb explosion. It is not unreasonable
to extrapolate by a factor of 10 or more in going to stellar explosions, where the iron-group elements serve
as seed nuclei but the neutron fluxes are considerably enhanced.
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Abundances of the Elements”

Hans E. Sugess,t U. S. Geological Survey, Washington, D. C.
AND

Harorp C. UREY, Depariment of Chemistry and Enrico Fermi Institute for Nuclear Studies,
University of Chicago, Chicago, Illinois

The Iron Peak and the Lower IMass Region

The new walue for the Fe to Si ratio, which is about
one third of that previously assumed, still leaves the
abundance of Fe®® larger than the sum of abundance
of all other nuclear species with mass numbers greater
than 40. WNo property of the Fe®® nucleus is known that
could possibly explain its predominance in nature. EFe®%,
however, is an isobar of the ‘“double magic’ unstable
Ni®¢, which contains 28 protons and 28 neutrons. The
expectation of a correlation of abundances with nuclear
properties leads inewvitably to the conclusion that INi®®
was the primeval nucleus from which IFe®® has formed ||
arnd, hence, that the nmucliel of thiis mass reglon ad
formed on the neutron deficient side of the energy
valley. The half-life of Ni®%, which decays by K-capture
into Co®%% (80d) has recently been found to be 6.5 davys
| Sheline and Stoughton (1952) and Worthington
(1952) ]. Hence the process leading to the excessive

abundance of mass 56 cannot have taken longer than a
few dawvs.




The way towards the Fe-peak: hydrostatic vs explosive

30
28
26
24
22
20
18
18
14
12
10

|||||||||||||||||||||||||||T

Ca40 is the last stable nucleus with N=Z
on the way of Si-melting
towards the Fe-peak

In the stellar core
weak interactions (p + e*)
turn some protons into neutrons

Nombre de protons

and
Fe56 dominates the composition in
FULL nuclear statistical equilibrium

st rerrererer=rrrerert et

1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1
10 12 14 16 18 20 22 24 26 28 30 32 34
Nombre de neutrons

In explosive nucleosynthesis, weak (=slower) interactions have little time to operate
and the nuclear flow goes through N = Z up to Ni56 (N=Z=28)

O N s O ®

O
ob
N
ol
ol

Hoyle’s greatest regret : missing the origin of Fe56, the most stable nucleus in nature
It is produced as unstable Ni56 in supernova explosions




THE HYDRODYNAMIC BEHAVIOR OF ApJd 1966
SUPERNOVAE EXPLOSIONS* 56 D. 106 eq. 45 flg

STIRLING A. COLGATE AND RicHARD H. WHITE
Lawrence Radiation Laboratory, University of California, Livermore, California

[ Hydro code: _— NUMERICAL

Tests of numerical vs
THEORY \
\ e

analytical solutions
)/NUMERWAL ‘
t=5.163 '
\ America's premier diagnostician of
18003 \‘ thermonuclear weapons in the 1950s

PRESSURE, p
o

T T TTT]

THEORY

PRESSURE, pg
o
|

'Shock pressure vs time Shock pressure vs distance

1954: Leader (age 28) of the largest
USA thermonuclear weapon test
0.0l gt 00 ; s : e+ (Castle Bravo, Bikini atoll, 15 Megatons)

1O 10 100 | 2 4 5
TIME, t DISTANCE, x

“‘Although thermonuclear energy has been considered as The imploding Fe core is

the primary energy source for Type | supernova (Fowler photo-disintegrated: (high T): Fe = a =p,n
and Hoyle 1964) and Type Il supernova (Ohyama 1963), neutronized : (high p) : pte = ntv
we find that the rarefaction left by the imploding core is
always sufficient essentially to  “swallow” the
thermonuclear explosion, because the sound speed in the
unstable, imploding core is higher than in the external
thermonuclearly exploded material”.

and it stabilizes within a few ms, when it reaches
nuclear densities (~10'® g/cm3) and the pressure
of the degenerate neutron gas supports the gravity
of the core, heated to T ~101 K



THE HYDRODYNAMIC BEHAVIOR OF
SUPERNOVAE EXPLOSIONS*

Abstract STIRLING A. COLGATE AND RicHARD H. WHITE

We regard the release of gravitational energy attending a dynamic change in configuration to be the
primary energy source in supernovae explosions. Although we were initially inspired by and agree in
detail with the mechanism for initiating gravitational instability proposed by Burbidge, Burbidge,
Fowler, and Hoyle, we find that the dynamical implosion is so violent that an energy many times greater
than the available thermonuclear energy is released from the star’s core and transferred to the star’s
mantle in a supernova explosion. The energy released corresponds to the change in gravitational potential

of the unstable imploding core

Energy: Gravitational, not thermonuclear

Origin: implosion of Fe core
(M ~Msun, R~10 kmé

In the neutronized core, at T~101! K,
most (99%) of that energy
turns into neutrinos which escape;
some of them deposit part of that energy
to the stellar mantle
thus causing the explosion
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ES FROM YOUNG SUPERNMSMTR

STIRLING A. COLGATE
Co/Fe

o Institute of Mining and Technolog UV, OPT
AND -
C.,N,O,SL
GERALD J. FISHMAN ”
‘ Rice University, Houston, Texas
rived May 20, 1968, revised June 24, 1

ABSTRACT

The gamma-ray luminosity of a typical type I supernova remnant has been calculated by assuming
that the origin of the optical luminosity is due to the energy of the radioactive decay of Ni®¢. Tt is ex-
pected that Ni% is the most abundant nucleus resulting from silicon burning in the supernova shock
conditions. The requisite mass of Ni%¢ (0.14 M©) gives rise to gamma-ray lines with energies near 1 MeV
that should be detectable in young supernova remnants at distances up to a few Mpc. Future detectors
aboard satellites should be able to detect events at the rate of about two observable events per year. A
few supernova remnants in the Galaxy should be observable at all times in lines following the decay of
i,

Thus, the observation of gamma-ray line emission from a young supernova seems
very promising in the near future. This observation, or even a null observation at a low
threshold, will have great significance in the fields of nuclear astrophysics and supernova
theory. The scientific importance of a positive measurement would be analogous with

and comparable to the importance of the successful detection of neutrinos from the Sun.

DonNaLp D. CrLayToN™
Rice University, Houston, Texas
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Galactic Cosmic Rays
Hydrogen burning

Carbon-Neon burning
Oxygen burning

Explosive nucleosynthesis (NSE)
Neutron captures
s-process

r- process

Primordial Nucleosynthesis  T~1000-100 MK
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