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Big Bang Nucleosynthesis
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Fi gure 1. The nuclear network used in BBN calculations.
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ON THE SYNTHESIS OF ELEMENTS AT VERY HIGH TEMPERATURES*

RoBERT V. WAGONER, WiLLiAM A. FOWLER, AND F. HOoYLE
California Institute of Technology, Pasadena, California, and Cambridge University
Recetved 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?, He¢, and Li” can be produced in the universal fireball. Reasonable  agreement with solar-
system "abundances for these nuclei is obtained if the present temperature is 3° K and if the present
density is ~ 2 X 1073 gm cm?, corresponding to a deceleration parameter ¢o =~ 5 X 1073, However,
massive stars “bouncing’ at temperatures ~ 10° °K can convert the universal D and He? into C, N,
0, Ne, Mg, and some heavier elements in amounts observed in the oldest stars. The mass gaps at 4 = 3
and 8 are bridged by the reactions He?(He4,v)Be’(He?,v)C!. Bounces at higher temperatures bridge
the mass gaps through 3 He* — C*2 and mainly produce metals of the iron group, plus a small amount
of heavier elements synthesized by a new kind of 7-process (rapid neutron capture). It is found that
very low abundances of He?, as recently observed in some stars, can be produced in a universe in which
the electron neutrinos are degenerate

I. INTRODUCTION

In this paper we shall consider the synthesis of elements on short time scales and at
very high temperatures. The time scales are typically of the order of 10-102 sec, while
the temperatures range upward of 10° ° K. These conditions are in marked contrast to
the situation in stars, where lower temperatures and longer time scales usually obtain.
It will appear that synthesis proceeds differently in many respects, and that abundances,
particularly with respect to isotopic composition, are different from those which are
produced in stellar nucleosynthesis.

The short time scales of the present paper are applicable to systems in rapid dynamical
motion. These include the universe itself, if indeed the universe evolved from a hot, dense
state, and also large masses of gas that collapse to such a state and subsequently explode.
Our investigation deals with masses upwards of ~10® Mo.

Nuclear reactions were first applied to the early stages of a Friedmann universe by
Alpher, Bethe, and Gamow (1948), and also by Fermi and Turkevich (1950). It was
assumed in these investigations that initially all baryons were neutrons, an assumption
which placed a severe restriction on the relation between the baryon density p, and
temperature. Writing

po =k Te® gm cm™2 (!

where Ty is in units of 10° ° K, the parameter %4 had to be set rather precisely (10— >
h > 10‘7) in order that hydrogen and helium emerged in approximately equal abun—
dances in the final material. A small change of % was sufficient to make the difference
between essentially all hydrogen and essentially all helium.

This situation was changed by Hayashi (1950), who pointed out that at very high tem-
peratures neutrons and protons come into statistical equilibrium through the weak inter-
actions; for example,

e+ p=nitv.. (2)

* Supported in part by the Oﬁice of Naval Research [Nonr-220(47)] and the National Science Foun-
dation (GP-5391).

1Tt should be noted that eq. (1) only holds exactly if no net energy is being transferred between the
electrons and photons due to pair creation and annihilation (see § IT).
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The Reaction "Be(n, o)*He and Parity Conservation
in Strong Interactions (7).

P. Bassi, B. FErrETTI and G. VENTURIND
Istituto di Iisica dell’ Universita - Bologna
Islituto Nazionale di I'isica Nucleare - Sezione di Bologna

G. C. BerroLINI, . CAPPELLANI, V. Maxpr, G. B. ResteErrr and A. Rora
C.C.R. EURATOM - Ispra

{ricevuto il 15 Gennaio 1963)

Summary. — We have studied experimentally the reactions "Be(n, «)}*He
and ?Be(n, va)iHe, produced by thermal neutrons. We have estab-
lished an upper limit for the first of the two: 0,<C 0.1 mb. TFor the second
one we have found ¢,=155mb. The limit for ¢;, in the hypothesis
of (27} aitribution to the 18.9 MeV level of 8Be, corresponds to F2< 4.10-19,
where I7 is the ratio of the amplitudes of the opposite parity wave func-
tions. This result is used to put an upper limit to the strength of a pos-
sible parity-violating interaction involving strange particles.

Introduction.

A clean experiment to test if parity is violated in strong interactions at
low energy has been suggested by SeeeL, KANE and WILKINSON (1): it is the
study of the reaction

{1 Be 4+ n — 2e,
which is not allowed for thermal neutrons (mainly absorbed in S-wave) be-
cause the 18.9 MeV level of *Be which is formed has spin 2 and — parity. They
() Work performed under Euratom-CNEN-INEN Contraet.
() R. E. Seewr, J. V. Kave and D. H. WiLkinsoN: Phil. Mag., 3, 204 (1958).
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