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Fig. 5.1: The freeze out of a massive particle species. The dashed. line is the actual
abundance, and the solid line is the equilibrium abundance.

In some circumstances the annihilation cross section may be better
approximated by (oa|v]) = ooz ~"(1 + bz™), e.g., if both s-wave and p-
wave annihilation processes are important. The modification to (5.45) is

straightforward to compute: Yo, — Yoo /[1+ (n+1)bz;™/(m+n+1)], and l‘

zg—zp+ In[1 + 3{In(0. 038(g/g1"2)mp;m0'g)}‘"‘].
As with a hot relic, the present number density and mass density of
relic ’s is easy to compute,

Tigo = 80Yoo = 29707, em™3
n+l
o S0 il BT oS (5.46)
1/2
(gaS/gu )mPImO'O
09( n+ l)z""'1 GeV™?

(9.5/9 g/ Ympioo

1.07 x (5.47)

Ok

It is very interesting to note that the relic density of 9’s is inversely
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4.3 Light Elements 23
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lig. 4.2: The NSE mass fractions for the system of n, p, D, ®*He, *He, and 12C as a
tion of temperature. For simplicity we have taken X, = Xp.
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Figure 10: Nucleosyntliesis in the two regions of the inhomogeneous Big Bang model; a) in
proton-rich regious: and b) in neutron -rich regions [40]. '
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274 Inflation

STAND/Q\F\’D COSMO_LOGY
] (ADIABATIC (RT = cons't)

GeV

1014
GeV

3K r |.

105 1034 TODAY
BT INFLATIONARY COSMOLOGY

FACTOR 1
OF 3x10

—~—— ADIABATIC ———

. _~REHEATING, RT INCREASES
BY FACTOR OF 3x10%3

GeV

3K ‘ SR (
0% 1058 1022 TODAY
T —STD. COSMOLOGY —
INFLATION

Fig. 8.2: Comparison of the evolution of R and T in the standard and inflationary
cosmologies. Note the enormous Jump in entropy (S « R3T3) at the end of inflation.
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126 Thermodynamics and Expansion

0__ = L T T T N R R
- " increasing (a‘dv})-
Iy - =
§ & o
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2 b B . 7
=15 b S
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3 . i0 30 100 - 300 1000
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Fig. 5.1: The freeze out of a messive particle species. The dashed line is the actusl
abundance, and the solid line is the equilibrinm abundance.

In some circumstances the annihilation cross section may be better
approximated by (oulv|) = coz™(1 + bz™™), e.g., if both s-wave and .
wave annihilation processes are important. The modification to (5.45) is
straightforward to compute: Yz, = Yo, /[1+(n+1)bz;™/(m+n+1)], and

z5 — o5+ In[1 + 5{1n(0.038(g/ g+ *)mpymao)} ™).

As with a hot relic, the present number density ami mass density of
relic 9’s is easy to compute,

Ngo = SoYeo =2970Y,, cm™3
1 n4l1
= 13xw—2% L (5.46)
(ges/gs' ymerm oo
109 (n+ l)z?”"“ GeV?

(g.5/9:"*ympioo

Quh? = 1.07x " (5.47)

It is very interesting to note that the relic density of %’s is inversely

3
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ause the core of a massive star is quite dense, the electron
remains important during each stage of evolution. This
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and Urey had made the breakthrough that led to the extension of nugleq.

synthesis in stars by neutron capture, unhindered by the Coulomb barriers:
this continued all the way up to 238, ’

. The details of nuclcosyntihesis In stars by neutrons were subsequently Dre-

AF sented in the classical paper by Burbidge, Burbidge, Fowler, and Hoyle in
1957 (B*FH) and independently by Cameron (Cam57). It was hypothesized by
i B2FH and Cameron thai, with iron and other nuclej of intermediate mass as

seeds, processes similar to those suggested by Gamow, involving neutrop
capture and f-decay for primordial nucleosynthesis (chap. 2), operate within
stars to synthesize the heavier elements. The synthesis proceeds in steps of {
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FIGURE 9.1. Cosmic abundances of the heavy elements are shown as a function of
(Cam82). The line through the data points is to guide the eye,
with closed neutron shells (N =50, 82, and 126) and the broade
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atomic weight
Note the narrow peaks for nucle;
r peaks for nuclei 4-10 mass units

mass unit 2
process). T!
dictated prT
early idea ¢
stars; but
heavy eler
(chap. 2).
The abc
39, of the
(4> 70),
star’s lifet1
neutron-cz
with thos
absorb ne
structure,
Finally, t!
(red gian!
formatior
tinuing P
level on
years.
To es
averaged
(sec. 9.2)
neutiron-
the proc
neutron

9.2. Ni

The ne
elastic ¢
resentec
energy

a

the mo
or, equ
as the
likely |
tions,
keV.
For

[}




456 NUCLEOSYNTHESIS BEYOND IRON

R‘éactor (Bra79). Thus,

such a neutron spectrum already provide the proper Maxwellian average for
. ~ remains a flourishing ¢

the cross section:

{av) 2

<0>=—;=ﬁ i G(E)Eexp(_%)dE/LmE

'In_ the actual measurements (Bee80) the sample to be investigated is sand-
wxc}_led between two gold foils (Fig. 9.5). Since the neutron-capture cross
section for gold is accurately known and it can be activated as well, gold

2

E
xexp("_)dE”_"“—-—g :
kT \/; Sxp

serves as an in situ standard.

_Neutron cross sections of astrophysical interest are also being measured
using the 24 keV neutron beam from the Brookhaven High Flux Beam .
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CAPTURE CROSS SECTION (mb) AT kT

FIG}IRE 9.6. The rn.easured average neutron-capture cross sections (o) at 30 keV are shown sche-
manca?ly as a function of neutron number N of the nuclei (All71, Ulr82, Kdp82, Alm83). Note the
large dips near the neutron closed shells at N = 8, 20, 28, 50, 82, and 126.
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of Cameron, Cowan, and Truran (Cam85) compared with the solar system r-process sbundances
{upper eurve, Fig. 9.12) The calculations do not include f-delayed fssion (This3, Klad3) and thus
lead 10 the production of nucld up to A = 340. The vertical normalization is arbitrary.
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- inca] i " are pared with those of the cosmic-ray matter as measured at the
top of t hg carth’s phere (Mey74), lized to carbon = 100. The most outstanding differ-

ences are in the light elements Li, Be, and B.
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FiGURe 10.5. Shown schematically is the life history of a cosmic ray from acceleration in the
source through propagation and modification in the Galaxy to observation on earth. For details
of the propagation and modification of cosmic-ray matter in the Galaxy and the solar system, as
well as the determination of the cosmic-ray composition at their sources, see Sim83. The solar
system with its heliosphere at 50-100 astronomical units (AU) is not drawn in proper scale relative
to the dimensions of our Galaxy.
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TABLE 10.2 Estimates of LiBeB Production by Galactic Cosmic Rays*

B
5 & S b G
Nuclide (mb) (mb) (x 10713 (x 10713 H H /e

SLi 1438 13.9 45 70 0.64
Li 20.5 212 66 900 0.07
*Be 6.2 44 16 14 ‘114
198 227 127 51 30 1.70
up 570 265 118 120 0.98
* From AusB1.
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