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INTRODUCTION

During the past two decades there has been a considerable effort made
toward understanding the origin and relative abundance distribution of
nuclear species. This has been made possible by advances in nuclear physics
and astrophysics which indicate that the origin and the observed abundance
distribution must be closely connected. On the one hand, nuclear physics
suggests a generic relationship between nuclear species in that they are com-
posed of the same constituents and exhibit significant correlations between
their systematic properties and abundances. On the other hand, astrophysics
suggests that our present universe has a definite age, that the observed rela-
tive abundances appear to be universal quantities, and that the physical
conditions required for nuclear synthesis might be found in the early stages
of the universe or in the interiors of special types of stars.

The principal stimulus for theoretical speculation has been the recent =

analysis and compilation of adequate relative abundance data. Several very
different theories have been developed to explain the origin and abundance
distribution of the elements. One of the earliest of these describes the obser-
ved abundances as a “frozen-in"’ thermodynamic equilibrium distribution of
an assembly of nuclei and elementary particles, where the fundamental
parameters are nuclear binding energies, temperature and density. In a recent
theory the abundances of the elements are considered as resulting from non-
equilibrium processes, involving the formation of the lightest nuclei by ther-
monuclear processes with both neutrons and charged particles, and formation
of the remaining nuclei principally by the successive radiative capture of
neutrons, with intervening 8-decay. In a third type of theory the formation of
elements involves the fission of one or many supernuclei or polyneutron com-
plexes. Finally, another attack on this problem which leads to a steady-state
cosmology involves either the continuous and spontaneous creation of matter
uniformly throughout the universe at a rate such as to maintain the mean
density of the universe at a constant value, or the sudden appearance in the
universe of stars, identified as supernovae. The foregoing theories, differing
in the proposed mechanisms and in the associated cosmological models,
are all confronted with sundry difficulties, and it is not evident as yet that
any one of them represents a final solution of this ancient problem.

t Thesurvey of the literature pertaining to this review was concluded in July 1952,
2 Thiswork was supported by the U.S.Navy Bureau of Ordnance.
3For a more detailed review through 1950 by the authors see reference (10).
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Recent reviews of this problem which are in various ways limited in scope
include those of Gamow (65, 67), Gamow & Critchfield (68), and ter Haar
(82, 83, 84). A more complete review wasgiven by the present authors several
years ago [Alpher & Herman (10)], and it is the purpose of this chapter to
cover the material of this former review somewhat more succinctly, and to
include the work done in the past several years.

THE CosMIC RELATIVE ABUNDANCES OF THE ELEMENTS

Tke nature of the Data.—There have been both direct and indirect deter-
minations of the relative abundances of the elements in various locales in the
universe. Direct measurements include the lithosphere, hydrosphere, and
atmosphere of the earth [e.g. (147)], meteorites [e.g. (34, 35, 147)], interstellar
matter [e.g. (156); Greenstein (76)], the surfaces and atmospheres of the
planets and their satellites [e.g. (95, 186); Kuiper (120)], stellar atmospheres
[e.g. (168); Aller (4)], and extragalactic nebulae [e.g. (20, 101)]. Indirectly,
i.e., by calculation rather than by direct measurement chemically or spectro-
scopically, the composition of the interiors of the earth and other planets
[e.g. (186)), and of various types of stars [e.g. Chandrasekhar (39, 40)]
have been obtained. Ideally, cosmic relative abundances should be deter-
mined from stellar spectra, and indeed, stellar spectra do provide much data.
However, the main difficulties are conversion from spectral intensities to
relative abundances, and prediction of composition of stellar interiors from
spectra of stellar atmospheres and representation by stellar models [see
bibliography in (34)]. Among the possible difficulties with many stellar
models is the assumption of homogeneity of composition and, in particular,
maintenance of this homogeneity by mixing. This latter question has been
extensively argued.? As a result of the foregoing difficulties, meteoritic data
have been given the greatest statistical weight in abundance tabulations.
The assumption that meteoritic abundances are representative of stellar
matter, except primarily for volatile constituents, appears to be reasonably
well founded.®

The first adequate and complete tabulation of modern universal relative
abundance data® is that of Goldschmidt (72) in 1938. Brown (34, 120) re-
cently published a new tabulation as required by general improvement of
the data from various sources and by his specific work in the analysis and
interpretation of the composition of meteorities. Brown’s tabulation in-
cludes new tables of stellar abundances of the lighter elements, meteoritic
abundances and cosmic abundances of the elements and of the nuclear spe-

4 For example, see Greenstein & Richardson (77) on the requirement of a slow con-
vection current to explain the low abundance of Li in the sunand also Opik (140) who
finds negligible mixing except for the innermost 20 per cent of the mass of the sun.

§ These and other questions involved in abundance tabulations are discussed by
Brown (34).

6 For a complete account of this subject through 1932 see von Kliiber (119) and
von Hevesy (96).
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cies. While there are many differences in detail from the earlier listings of
Goldschmidt, the major features of the data have not been altered.

That the so-called cosmic abundances given by Goldschmidt or Brown
are indeed cosmic is believed to be firmly founded, since the agreement be-
tween the relative abundances determined in various regions o
is reasonably good. Thus as long ago’as 1925, Payne (141) showed that stars
of different spectral types have marked similarities of composition and,
particularly for the heavier elements, resemble the earth’s crust. Russell
(150) has remarked that it is difficult to find a single case where a metal is
more or less abundant in the sun than on earth. More recently, Unsold (182,
184) has shown that the relative amounts of hydrogen, helium, and heavier
elements are the same for essentially all main sequence stars. Similarly,
Greenstein (74), studying abundances in a group of F-type stars, found no
significant variations except in one peculiar case. While quantitative deter-
mination of relative abundances in the extragalactic nebulae is not yet possi-
ble except perhaps for such nearby ones as Andromeda, nevertheless, as
pointed out by Hubble (101), the spectra of the distant nebulae appear to
have the same characteristics as spectra of stars such as the sun. Of the rela-
tively few variations in relative abundance which have been observed, most
can be explained in terms of the present or past physical conditions in the
locale of observation. For example, meteoritic and terrestrial material differ
from solar material in the relative scarcity of the volatile elements, i.e., H
and the noble gases, as well as of those elements which probably were con-
tained in volatile compounds at the time of planet formation. Such disparities
would appear to result from the physical conditions associated with the
origin of thesolarsystem (80, 81, 84, 120, 186). Variationsin the abundances
of Li, Be, B, C, N, O, as well as H, D, and He, are probably associated with
thermonuclear reactions, particularly those responsible for stellar energy
production [(26, 27, 68, 75, 77); Aller (4)]. Pecularities in the He, C, N, and
O abundances in hot Wolf-Rayet stars also arise from special features of
thermonuclear reactions [(62) ; Aller (4)]. Differences in composition between
population I and II type stars recently have been explained by Schwarzs-
child, Spitzer & Wildt (154). The population I stars probably formed later
out of denser interstellar clouds in which grains had accumulated preferen-
tially and therefore exhibit enhanced abundances of the heavier elements
relative to population II stars. The latter are supposed to have formed earlier
out of the more unif orm interstellar medium. Some isotopic abundance ratios
also vary with locale. These include, for example, the ratio He3/He*4 which
differs with locale terrestrially because of cosmic ray processes (136), H2/H!
ratios which appear to be much smaller in stellar atmospheres than ter-
restrially and even vary terrestrially [(92); 4, 92, 172a], and the C**/C ratio
which is excessively large in some stellar atmospheres (126). The last varia-
tion is as yet unexplained. Many terrestrial variations in isotopic abundance
ratios have been found and in general are understood to be the result of the
effect of nudear mass differences in chemical reactions during the earth’s
long history (166, 174, 185).
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F1G. 1. Relative isobaric abundances of nuclear species, normalized to 10,000
atoms of silicon, versus atomic weight, as derived from the tabulation of Brown (34).
Odd and even 4 (atomic weight) are denoted by O and +, respectively. Regions of
A for closed shell nuclei are indicated.

The cosmic relative abundances of the nuclear species as given by Brown
are used here with slight modification as the basic experimental data for
comparison with theory.” Since Brown does not give the abundances of nu- -

7" We understand from Dr. H. Brown that there have been some changes in the
abundance data since his tabulation in (34). However, these changes donotalter the
major features of the data and therefore do not affect the discussions in this review.
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clear species below oxygen, his tables of cosmic elemental abundances were
employed for the lighter nuclei, including those for Li, Be, and B. Although
there are uncertainties in abundance and isotopic abundance ratios for these
light elements, mainly because of their participation in thermonuclear re-
actions, the appropriate elemental abundances were converted to nuclear
abundances by means of terrestrially observed isotopic abundance ratios
(155). Values of noble gas abundances which are difficult to determine on a
cosmic abundance scale have been interpolated by Brown and are included
as basic data in this review. However, unstable nuclei are not included. With
these qualifications all the available data are shown in Figure 1, where loga-
rithms of the cosmic relative abundances of nuclear species, stated as the
number of nuclei of a given atomic weight (i.e., isobars) per 10,000 atoms of
silicon, are plotted versus atomic weight.® Since data are not yet available
for several nuclear species, some points plotted in Figure 1 may be shifted
upward slightly as new isobaric abundances are added. This method of pre-
senting the relative abundance data is employed because most of the theories
deal with the abundance distribution as a function of atomic weight (i.e.,
nucleon content), rather than of atomic or neutron number. Furthermore,
the abundance distribution in atomic weight is important in at least one of
the theories of element formation in that the present distribution with iso-
bars added probably most nearly resembles an original abundance distribu-
tion prior to the changes caused by long-lived $-decay.

The role of cosmic relative abundances in the systematics of nuclear
species has been extensively studied by a number of investigators [(17,
33,52,72, 89, 106, 107, 110, 161, 169, 170, 171). Correlations have been made
between relative abundance and mass number, isotopic number, neutron
content, shell structure, and the parity of the nucleon number. The reader is
referred to the original papers for these discussions of many of the detailed
features of the data and, in particular, for the interesting correction factors
which Suess (171) has estimated as required to smooth the observed abun-
dance data on the basis of reasonableness and continuity. These discussions
of details will be of great value when theories of element formation are ad-
vanced to the point where one may attempt the explanation of abundances
of particular species.

The most prominent feature of the distribuytion of cosmic abundances
based on atomic weight is the approximately exponential decrease of abun-
dance with increasing atomic weight up to 422100, and the essentially con-
stant abundances for species with 4 >100. It seems reasonable to expect that
a correct theory of the relative abundance of nuclear species will reproduce
this behavior at least in first approximation. This general behavior as well
as the systematic details of the abundance data emphasizes that there must
be a close correlation between the properties of atomic nuclei on an atomic

8 A similar plot of Goldschmidt’s tabulation of abundances (72) is given in Figure
1 of Reference (6).
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weight basis and their relative abundances. The manner in which the abun-
dance data are presented can tend to obscure the essential features of the
distribution. Thus some investigators have used a contracted abundance
scale while others have connected plotted abundance points. Either may give
a misleading appearance to the data.

Detailed features—There are a number of detailed features of the cosmic
abundance data which are discussed because they may bear on the theories
of element formation thus far developed. In tabulations of cosmic abundances
the many radioactive species between
are generally not included because the relative abundances are explained by
the statistical laws of radioactive decay (170). The observed abundances of
the long-lived parent elements and perhaps the abundances of the decay prod-
ucts if originally formed by processes other than the disintegration of parent
elements require theoretical explantion.

An examination of Figure 1 reveals rather large fluctuations in abundance
compared with the general trend, particularly among the very light ele-
ments. The fluctuations for species up to and including F'* may reflect the
participation of these nuclei in thermonuclear reactions in stars or in the
prestellar state of the universe. Perhaps the most striking irregularity in
abundance is the iron peak which lies in the region 53<4<63. This abun-
dance peak, which consists of only several elements, is above the general
abundance trend by a factor of «~10% In the region of the heavy elements
there are several abundance peaks which deviate from the trend by a factor
of about 10. Their location can be correlated with the atomic weight of nuclei
of the closed shell or magic number variety [Feenberg (55)]. Nuclei containing
50 or 82 protons, or 50, 82, or 126 neutrons exhibit stability and other nu-
clear properties which can be associated with completed shell structure and,
in particular, are more abundant in general than isotopes and/or neighboring
elements [Harkins (89)]. In this connection a recent estimate of primeval lead
isotopic abundances appears to show the effects of both neutron and proton
shell closure (13); thus there is an abundance peak at Pb and the calculated
primeval Pb isotopic increase abundances as neutron number increases from
122 to 126. It may be noted that two of the closed shell peaks occur at
atomic weights corresponding quite closely to those of the mass yield peaks
for the fission of U and Th (6, 73, 110).

The analysis of relative abundance data in terms of the systematic prop-

“erties of nuclei has led to many abundance rules,® some of which are of

particular interest in the problem of the origin of the elements. As a result of
the closure of a sub-shell by a pair of neutrons or protons, nuclei of the even
Z— even A type are both more numerous and more abundant than any of
the other types. Nuclei of the odd Z— even 4 or even Z— odd 4 types are

9 Harkins, (87, 90) and Oddo (138) appear to have first pointed out that the
relative abundances of the elements involve nuclear rather than chemical properties.
More complete discussions of abundance rulesare given, e.g., by Mattauch & Fluegge
(132) and Rankama & Sahama (147).
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about equally numerous and abundant, while nuclei of the odd Z— odd 4
type are rare in number and scarce in nature. In general even Z or even 4
species are about an order of magnitude more abundant than adjacent odd
species.!® The odd-even A abundance variation is quite noticeable, particu-
larly near the iron peak. It should also be noted that nuclei which might have
a completed shell structure according to an a-particle model exhibit rather
large abundances, e.g., He, C, and O. With reference to isobars, stable nu-
clei of odd 4 all have onlyone isobar and stable isobars of adjacent elements
are very rare® (131).

0Odd Z species have as a rule only one or two stable isotopes while the
even Z species usually have many more, and where there are two isotopes of
an odd Z species, the lighter is usually more abundant (15, 88). Elements
possess, in general, only one or two stable odd 4 isotopes. When there are
two such isotopes they are nearly equal in abundance, whereas even 4 iso-
topic abundances may differ by as much as two orders of magnitude (131).
Furthermore, odd A4 isotopes of even Z species have relatively low abun-
dances. When an odd isotope occurs between two even isotopes, the abun-
dance of the former is always less than the sum of the abundances of the lat-
ter, except for Xe!?? (16). There is a considerable variation with Z of the num-
ber of odd 4 isotopes of even Z nuclei (134). The abundances of the isotopes
of a given element show less spread among themselves than the elemental
abundances show. The number of isotopes, as well as their spread in atomic
weight, increases quite noticeably in the vicinity of Z =28 and then does not
decrease until very high Z (133, 147). Also, for Z >28 one of the isotopes,
usually the lightest, is predominately abundant, whereas for Z >28 several
isotopes may be equally abundant (147). Furthermore, as a rule for the even
Z elements above uSe the heaviest stable isotope is quite abundant while
below sSe the trend seems to be reversed (134). Thus a plot of relative even
A isotopic abundances for even Z species versus A yields roughly bell-
shaped curves skewed toward the heavier isotopes (133, 147). The lightest
isotopes of a given element appear to form a less regular abundance sequence
than do the heavier isotopes, suggesting the possible existence in nature of
extremely small amounts of stable isotopes lighter than those now known
(133). Recently, Way (191) has noted a regularity in the abundances of the
lightest and heaviest isotopes of even Z elements for Z >34. Consider the
ratio of abundances of species [Z, N] to species [Z, N+2]. Taking the lightest
of such pairs for various elements, one finds 10 cases where the ratio lies
between 0.6 and 3 and 14 cases where it lies between 0.005 and 0.15. For the
heaviest of such pairs, the ratio lies, with two exceptions, between 0.5 and 8.
The three groups are apparently closely connected with the degree of shield-

10 The odd-even Z rule was first stated by Harkins (87, 88, 91, 169) on the basis
of the early data of Noddack & Noddack (137).

1 Of the four cases, all pairs, it is very likely that one member of each isobaric pair
is radioactive (130, 131).
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ing,1 for in the first group, in 8 of the 10 cases both members are completely
shielded, in the second group 12 of the 14 members have the [Z, N] species
completely shielded and the [Z, N+2] species partially shielded, while of the
third group, in 22 cases both members of the pairs are completely un-
shielded. Of the two exceptions in the latter group, in each one member of
the pair is partially shielded.

There are several indications of the possible high concentration of neu-
trons during the process of element formation. Not only are neutron-rich
isotopes more abundant but also there appears to be an isobaric abundance
rule indicating the possible importance of S-decay in element formation
(6, 38, 59, 169). An examination of the abundance data shows that of 51
sets of stable isobars the isobar of lowest Z is more abundant in 44 cases as
might be expected if 8-decay played a role,

The presence of nuclei other than protons in the primary cosmic radia-
tion provides an interesting comparison with
of the elements (31, 60, 145). Particles having a charge up to Z=53 have been
detected (197) and the relative numbers of such particles determined as a
function of Z. The cosmic ray relative abundances decrease with Z in re-
markable accord with the cosmic abundance data discussed earlier, although
it would appear that there is some overabundance of the heavier elements.
The H/He abundance ratio of 10 in cosmic radiation [Peters (145)] is'in
excellent agreement with Brown'’s cosmic value. It is also interesting that the
high cosmic abundances of the C, N, and O group and of Fe are also found in
the cosmic ray flux. Furthermore, Yagoda® (196, 197) has detected a nucleus
with Z =49 1 3, probably reflecting the high abundance of Sn. According to
Bradt & Peters (32), Li, Be, and B are almost or entirely absent from the
primary cosmic radiation. This is consistent with their cosmic scarcity.
However, Dainton & Kent (44) report the presence of B in the primary flux
in amounits in excess of C, N, and O, while Hoang (97) has reported app1eci-
able quantities of Be. The general similarity of cosmic and cosmic ray relative
abundances suggests that the problem of cosmic ray origin may be con-
nected with more general cosmological problems, including perhaps the for-
mation of the chemical elements.

The fact that there appears to be an intimate relationship between some
of the systematic features of the abundance data and thestability properties
of atomic nuclei, in particular the even-odd rules, has led many investigators
to study the possibility of element formation under equilibrium conditions.
However, properties other than nuclear stability per se may also be correlated

12 Shielding is descriptive of the possibility of direct formation of species by
neutron capture or -decay from adjacent species. Both are possible for unshielded
species, one or the other is forbidden in partial shielding, and neither is allowed in
complete shielding. Thus a species [Z, N] is said to be shielded if [Z—1, N+1] is
stable, or if |Z, N—1] does not exist.

13 H. Yogoda informs us that a nucleus incorrectly identified (196) as Z=53+6
probably represents Zr or a nucleus between Zr and Sn.
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with the systematic features of the abundance data. Thus, recently a non-
equilibrium theory of element formation was developed which depends upon
the behavior of the radiative capture cross sections of nuclei for fast neutrons.
In any event all theories of the abundance of nuclei should probably reflect
the stability properties of nuclei in the detailed variation of relative abun-
dances from one species to another (68).

EqQuiLiBrRIUM THEORIES

The apparent connection between relative abundances and the stability
properties of nuclei (10, 87, 108), particularly their binding energies, stimu-
lated study of the observed abundance data on the basis of equilibrium theo-
ries. Well-known methods of thermodynamics and statistical mechanics can
be applied to calculate equilibrium concentrations of the nuclear species.
These concentrations depend on the temperature and density of the assembly
as well as on the nature of the constituents and nuclear binding energies.
It is assumed that there existall the reactions necessary to establish equilib-
rium. High temperatures and densities are required to attain equilibrium
in a reasonable time since nuclear binding energies reach values of ~2000
Mev. The question of where and when such an assembly may have existed,
what constitutes a reasonable length of time for the attainment of equilib-
rium, and the manner in which the equilibrium distribution may have been
“frozen-in" are perhaps cosmological problems which cannot be ignored.
Thus it is found that no single assignment of density and temperature leads
to the correct abundance distribution so that one must resort to either special
stellar models or different processes for light and heavy element formation.

The earliest equilibrium studies appear to be those of Tolman (176)
and Suzuki (173) who investigated the H/He abundance ratio and found
that temperatures above those of ordinary stellar interiors were indicated.
Urey & Bradley (187) concluded that relative isotopic abundances did not
correspond to equilibrium under a single set of physical conditions. Farkas &
Harteck (53) and Pokrowski (146) first applied equilibrium theory to the
abundance distribution in atomic weight. The former authors first men-
tioned the necessity of understanding the ‘‘freezing-in"’ of the distribution
while the latter noted the difficulty of forming a sufficient relative quantity
of heavy elements with specification of a single density and temperature and
suggested the need for a different process in building the heavy species. In
general, the early equilibrium theories are of historical interest because both
nuclear and abundance data were inadequate, and the theory was not fully
developed. A more complete discussion of both the historical development
and detailed treatment of equilibrium theories has been given recently by
the authors (10).

Basic theory.—The detailed development of equilibrium theories of rel-
ative abundance are based on one statistical approach or another, involving,
e.g., the classical Gibbs grand canonical ensemble (70, 116, 178), the method
of Darwin and Fowler (58, 165), or, the analogue of Saha’s ionization equa-~
tion (151), all of which are necessarily equivalent.
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Applying the Gibbs method of the grand cononical ensemble to the
problem of nuclear equilibrium, one may write for the probability of finding
a nucleus of given composition, i.e., Z protons and N neutrons, in an energy
state E,

P(N, Z, E') = exp [(@ + usN + ppZ — E)/RT], L

where Ej includes both binding and excitation energy, p, and p, are the Gibbs
or intrinsic potentials per neutron and proton, respectively, referred to rest
mass as zero-point energy, and where exp (/kT) is the density-in-phase.
Then, in the nonrelativistic nondegenerate case the concentrations, C;, of
nuclear species of mass m;(j=N+4Z2) is given by

Ci(N, 2) = (rmkT/i?)¥2®;(N, Z) exp [(waN + upZ — E;)/kT], 2

where ®; is the partition sum for the internal degrees of freedom and E;,
the binding energy, is defined as

E; = c¥m; — Nmy — Zmp). 3.

If only the ground state is considered then ®;=2¢;41, where ¢; is the nuclear
spin quantum number. At equilibrium, for the proton-neutron-electron-
neutrino reaction, assuming equality of the electron and neutrino intrinsic
potentials, one has (25, 118)

20— + mec?) = (un 4 mac?) — (p + mpc?), 4.

where p._ is the electron intrinsic potential. Similarly the equilibrium con-
dition for nuclei, neutrons, and protons is

(17 + myet) = N (o - mee®) + Z(up 4 mpc®). S.

It is a reasonable physical assumption that the assembly be electrically
neutral, whence the C; must satisfy

Ce = z ZCj, 6.
Fj

where the electron concentration, C,-, is calculated from Fermi-Dirac statis-
tics. While it would appear from the foregoing that the quantities ., #p
and T are arbitrary parameters, electrical neutrality limits the free choice
to T and either u, or pp. The latter choice can be shown to be completely
equivalent to specifying the density of matter, pm, in the assembly. In cal-
culations it proves expedient to specify the # and compute p. from

P = Z miC; -+ 91eCo-. 7.
2

The foregoing results require modification for high T' where energies are
relativistic and phenomena such as pair production occur, for high p,, where
degeneracy may arise, and for equilibrium in gravitational or electrostatic
fields, where the Gibbs equilibrium condition is modified (70, 117).

As has been indicated, equilibrium theory can be applied to determine
whether isotopic abundance ratios of various elements are consistent with
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equilibrium at a single p, and T.1 The original work of Urey & Bradley (187)
indicated that there was no consistency, a result independently confirmed
later by a considerable number of investigators (1, 21, 41, 109, 110, 157,
192).16

Despite the difficulty of understanding isotope abundance ratios, Chan-
drasekhar & Henrich (41) applied equilibrium theory to the abundance dis-
tribution in atomic weight using modern binding energy data. General agree-
ment in trend was obtained from O to A% with T=8X10% K, and p,=
107 gm./cm.?® although beyond sulfur the computed abundances become pro-
gressively lower. These authors pointed up the difficulty of obtaining over-
all agreement with a single set (o, T), as was also indicated earlier by Po-
krowski (146) and Weizsidcker (192), and suggested the possibility that the
light and heavy elements might have been formed separately during differ-
ent stages of the universal expansion. However, the universal expansion
appears to have been too rapid during its early stages to permit element for-
mation in this manner. As is well known, there has been a great deal of work
on the problem of stellar energy generation which has touched on the
problem of element formation [e.g. (18, 19, 26, 27, 152, 163, 167, 189, 192,
195); Salpeter (153)]. The general conclusion is that except for the very
light elements no synthesis of elements can take place in ordinary stellar in-
teriors, and that either a prestellar locale or very special stellar types must
be introduced.

One of the most recent independent and complete calculations of equilib-
rium relative abundances for a single set of physical conditions was made
by Klein, Beskow & Treffenberg (118). Using the Gibbs.formulation but
ignoring spin multiplicity and excited states, they found the best representa-
tion for the light elements, 154=<40, with the parameters 2T =1 Mev,
pn=—7.6 Mev and pp=—11.6 Mev, corresponding to a density p,224 X108
gm./cm.?, The equilibrium abundances have been recomputed by us using
binding energies from Rosenfeld (149) and the parameters given above, The
results are compared in detail up to 4 =80 in Figure 2 with Brown's observed
abundances (34). There is general agreement in trend for 4<50 although the
agreement in detail is poor. In the region 4 >50 the iron peak is not repro-
duced. The abundances computed for the heavier elements become extra-
ordinarily small, e.g., they are below the observed abundances by a factor
1050 by 4 =150 and become progressively smaller. It would appear that
the conditions required to fit light and heavy element abundances are quite
different.!® It has been shown (25, 165) that for every choice of a g only nu-

14 Tt has been suggested that since isotopic ratios are apparently independent of
locale the elements must have been formed in equilibrium and therefore one should
in principle be able to compute binding energies from relative abundance data (79,
132).

16 See Ref. (181) for the opposite interpretation on the basis of the same data.

1% Demeur (46) has discussed, apparently erroneously, the role of temperature in
increasing heavy element abundances [see (10)].



Annu. Rev. Nucl. Sci. 1953.2:1-40. Downloaded from www.annualreviews.org
Access provided by New Y ork University - Bobst Library on 05/04/15. For personal use only.

12 ALPHER AND HERMAN

clei in a rather narrow range of atomic weights will be predominant and that
the larger p,, the larger the 4 of the predominant nuclei.

Equilibrium theory calculations of abundance distributions for a given
pm and T, again neglecting nuclear excited states, have also been made by a
number of other investigators. Wataghin and collaborators (122, 175, 190)
have obtained a fit to the abundance distribution in 4 but a re-examination
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F16. 2. Relative isobaric abundances versus atomic weight according to the simple
equilibrium theory (10, 118). Theoretical and observed points are nomalized to
10,000 atoms of silicon. The computed abundance for 4 =78 is —11.73 and the
neutron concentration is not included at 4 =1. For higher 4 the computed abun-
dances become extraordinarily small (10).

by us of these calculations indicates that nuclear density is exceeded and
electrical neutrality is not satisfied (10). Cherdyncev (42, 43) has also ob-
tained a general fit to the data, but with the postulation of physically un-
reasonable pure neutron nuclei. Steinwedel & Jensen (164) have examined
the equilibrium problem in considerable detail, including relativistic and
degeneracy effects as well as excited states and confirmed the earlier con-
clusion of Jensen & Suess (110) that the abundance distribution must reflect
nonequilibrium processes. A recent detailed equilibrium calculation by
Singwi & Agarwala (156a) appears to cover the same ground reported
earlier in references (24, 25, 164) among others.

Detailed modifications.— There have been a variety of specific modifica-
tions of the simple equilibrium theory suggested to repair the difficulties
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noted. Among these is the effect of excited nuclear states, for as Chandrasek-
har & Henrich (41) have remarked, nuclear level densities increase with in-
creasing 4 so that proper evaluation of ®;=(2¢;41)®;(rot)®;(vib) in Equa-
tion 2 should lead to increased abundances of the heavier elements. The
general nature of these evaluations of ® is to treat the nucleus as a rigid
sphere (24, 25, 183) in determining the rotational partition sum ®,(rot)
while various vibrational level density formulae (24, 25, 85) have been used
in finding a vibrational partition sum ®;(vib). Neither the inclusion of ®;
calculated in this manner nor estimates of ®; based on physically less rea-
sonable assumptions (69) lead to an increase in abundance by, say, a factor
of more than ~1020 at 4 =250 where «~10'%° is required. Nevertheless, the
inclusion of excited states has an important effect on the resulting abun-
dances in the more complex equilibrium calculations involved in special
stellar models and in the “freezing-in" problem.

It would appear that in a successful equilibrium theory one would require
higher p,, and perhaps higher T to form the heavier elements than is re-
quired for the lighter elements. Since conditions for the lighter elements are
already severe, Albada (1, 2) and Hoyle (98, 99) suggested that electron
degeneracy and electrostatic effects be considered in the element-formation
problem [see also (164)]. It is shown that electron degeneracy lowers the
Z/A and increases the 4 of that nucleus having the maximum binding energy
per nucleon, thereby indicating possible improvement of the equilibrium
abundances of heavy elements. There appear to be certain difficulties with
the calculations of these investigators associated with the statistics required
under the conditions considered, particularly the presence and degeneracy
of neutrons (10, 121). In any event no abundance distribution calculations
were made, and the reader is referred to a recent detailed discussion of this
problem elsewhere (10). ’

In view of the failure of explaining the abundance distribution with a
single set (pm, T), and since it appeared that neither the expanding universe
nor the interiors of ordinary stars (39, 68) were suitable locales for element
formation in equilibrium (41, 164), various investigators have considered
special stellar models (2, 25, 42, 98, 99, 115, 117, 177). In a qualitative dis-
cussion, Albada (2) proposed a kind of white dwarf with a degenerate core
which rotates nonuniformly. Presumably the abundances of heavier elements
might be enchanced in the core and the various species subsequently distrib-
uted in space by virtue of a supernova-like outburst of this model which has
evolved into rotational instability. The lighter elements are supposed to
form in nondegenerate cores of red giant-like stars. A more detailed study
of this question was carried out by Hoyle (98, 99) who also proposed that
elements be formed at equilibrium in dehydrogenized stars [see also (66)].
Such stars contract with consequent increase of p, and T at the center and,
if they rotate, will become rotationally unstable and explode. During the
contraction, successively different abundance distributions would develop
in the core as pn and T increased. The time of explosion, which depends on
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the exact nature of the model, determines the particular heavy element dis-
tribution ejected into space. Hoyle has identified these models as O-, B-
and A-type stars whose lifetimes are small compared with the age of the
universe.

The problem of element formation in stellar models in which the effect
of the gravitational potential on nuclear equilibrium is taken into account
explicitly has been discussed by Beskow & Treffenberg (25) and Klein (115,
117). The model studied is an isothermal star with 2T'=1 Mev, which tem-
perature proved satisfactory for the prediction of the general abundance
trend for the ligher elements with a single p,.. In such a model it was expected
that proper equilibrium conditions for various nuclei could berealized simul-
taneously at different radial positions. The dasic calculation involves the de-
termination of the Gibbs intrinsic potentials for neutrons and protons as a
function of radial position. If ¢, and ¢, are the gravitational and electrostatic
potentials then the conditions for equilibrium are (116, 117)

#n -+ mad, = constant 8a.
for the neutron, and
sy = mpp, + eds = constant 8b.

for the proton.

The procedure followed by Beskow & Treffenberg, involving Poisson's
equation, has been shown by Klein [see (10)] to be equivalent to using Equa-
tion 8a as follows:

da(r)  GM@)ma[ depy(r)
T
and
dM(’) = 4'7""217m(”u)- 10.
dr

One chooses a central uniform core of radius 7o, density po and intrinsic po-
tential (u,)e. Then one adjusts u, as a function of 7 in such a way that to-
gether with p, determined from Equation 7 one is led to the desired total
abundance distribution for the star. The calculation is carried out subject
to the requirements of electrical neutrality and also the equilibrium relation-
ships stated earlier in Equations 4, 5, and 8. Beskow & Treffenberg considered
models with cores of nuclear density having radii varying from 105 to 108 cm.
and (u.)0=5.68 Mev (an upper limit corresponding to nuclear density)
as well as one case of a less dense core with 79=10° cm. and (u,)o=3 Mev.
In determining the total abundances over the model they did not include
core material and the superheavy nuclei predicted by the theory, while the
rather considerable neutron concentration exterior to the core was added to
the proton concentration. Their computed abundances for the 10 atomic
weights chosen are shown in Figure 3 for the various models and are com-
pared with Brown's data (34) adjusted to 1 M (solar mass). The theoretical
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F1G. 3. Isobaric abundances versus atomic weight in the isothermal star models
of Beskow & Treffenberg (25) compared with Brown's observed abundances (34)
adjusted to give 1 M @. The proton and a-particle contents, », and v, make up the

bulk of the star masses.

values lie above the data for the reason that with the exception of two models
the total masses are «40M . If thecomputed abundancesare considered as
relative, the curves for ro<6X10% cm. could be adjusted to fit the data fairly
well although there appears to be an overabundance of the heavier elements.

Beskow & Treffenberg suggest that these “prestellar’ stars explode and
distribute the equilibrium distribution through space, and that the present
universe evolved from these prestellar explosion products. Assuming that
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the equilibrium distribution could survive theexplosion and freeze in without
major modification, one must determine the properties of these isothermal
prestellar bodies in more detail. Klein has constructed a spherically symmet-
ricstatic solution of Einstein’s field equations representing a mass of gravita-
ting radiation (115). For this model 2721 Mev up to #=2,6 X 10! cm. so
that a “prestellar’”’ material body of 40} o might be embedded under es-
sentially isothermal conditions. To preserve equilibrium the radiation field
must be large compared with the material star and contain photons, elec-
tron-proton pairs, and neutrinos. Because Klein's radiation star model is
infinite in mass and extent, and static as well, it falls short of providing a
satisfactory hypothesis without modification. However, it appears that re-
cent work of Vaidya (188) may provide the desired model for element forma-
tion in equilibrium since he has obtained solutions of the Einstein field equa-
tions representing nonstatic radiating spherical distributions. This specific
application of his work to this problem has not yet been made.

Discussion.—From an historical point of view it was natural to attempt
to describe element formation in terms of a frozen-in equilibrium distribu-
tion. If, and it appears necessary to do so, one rejects as a locale for equilib-
rium formation of elements the prestellar homogeneous expanding universe
and the interiors of ordinary stars, one is led to the introduction of “pre-
stellar” bodies or special stellar models continuously producing elements.
While the general abundance trend can be reproduced by equilibrium theory,
the detailed agreement is not satisfactory, particularly when it is recalled
that the basic premise of an equilibrium theory is the detailed correlation
between nuclear stability properties and abundances.

All of the investigators who have introduced special stellar models as the
locale have assumed that the star will explode in a sufficiently violent man-
ner to freeze-in effectively the established abundance distribution (1, 2, 25,
42, 98, 99). This assumption requires more careful examination because it is
difficult to see how the explosion could be sufficiently rapid to avoid modifi-
cation of the distribution by nuclear reactions. In particular, large neutron
concentrations are associated with all the models suggested and, at the
temperatures and densities required, neutron reactions would be expected
to alter the abundance distribution completely!? (10, 110). In addition, the
increase of heavy element abundances by a factor of at least 10® and perhaps
more than 1020 resulting from the effect of excited states would rapidly dis-
appear with the expansion and cooling of the exploding material, again
altering the original distribution. One is faced with the problem of specifying
an initial equilibrium distribution which as the result of nonequilibrium
processes during the freezing-in would have evolved into the presently ob-

17 In the nonequilibrium theory to be described, a T and p, of ~0.1 Mev and
~10~7 gm./cm.?, respectively, suffices with nonequilibrium neutron-capture reac-
tions in an expanding universe to explain the observed abundance distribution starting
with neutrons and protons only. In the equilibrium stellar models, one has about the
same T and ~~10%6 times the pp.
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served distribution. Difficulties of the type mentioned (10), especially the
freezing-in problem, have led to the development of nonequilibrium theories
of element formation.

NONEQUILIBRIUM THEORIES

It appears to be a reasonable supposition that the elements were formed
during the early prestellar state of the universe—a period when, according
to an extrapolation backward of the present universal expansion, physical
conditions would have been of too transient a nature to admitof anequilib-
rium among nuclei. The existence of radioactive species indicates that the
elements have not had their present form for all time (5, 68). Furthermore,
relative abundance ratios in families of radioactive elements yield an ap-
parent age of the elements in remarkable agreement with values for the age
of the universe. In the former case, one makes use of nuclear systematics to
estimate the relative abundance of a nuclear species when formed, and then
one may compute the time required for the reduction of original abundances
to their present values. With K, Sm, Rb, Th, and U the ages obtained are of
the order of two to five billion years. Species with half-lives short compared
with «~3X10° years are not found in nature, while those with long half-lives
show no anomalous abundance (10, 143). On the other hand, the expansion
rate of the universe, the presently proposed evolutionary theories for stars,
galaxies, and our solar system (193), the departures from dynamical equilib-
rium in stellar clusters (28), as well as other astronomical data suggest an
age, the time of a ‘‘great event”, of the order of 2 to 5 billion years (22, 28,
127, 179). This agreement in apparent age between the elements and the
universe, together with the excellent cosmic uniformity in relative abun-
dances, suggests that the elements may have been formed in the prestellar
state at one time uniformly throughout the universe (13, 36, 113, 172). The
restriction to the prestellar state is emphasized for the reasons already de-
scribed, namely, that element synthesis in the interior of common stellar
types does not appear possible, and that the ‘‘freezing-in"’ problem associa ted
with the special stellar types suggested appears to be a very difficult one
indeed.

The probable rapid change of physical conditions during the early uni-
versal expansion suggests a nonequilibrium theory of element formation,
intimately connected with a cosmological model (63). A number of investi-
gators!® (10, 59, 61, 110, 189, 192) have proposed that neutron-capture re-
actions played an important role in the formation of heavy elements in
particular. In the main, these authors were seeking to explain stellar energy
production, or to overcome the difficulties of equilibrium theories in explain-
ing the existence of the heavier elements. The combination of neutron-cap-
ture reactions with nonequilibrium processes in the universal prestellar state

18 It has been suggested that there might be cyclic light element reactions which
would at the same time provide a source of stellar energy and a centinuing supply of
neutrons for heavy element synthesis (39, 50, 192).
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appears to have been first suggested by Gamow (63). This concept has been
developed into a nonequilibrium theory of element formation by Alpher,
Herman, Gamow, Smart, Fermi, and Turkevich, and this theory is discussed
in the following sections.

Cosmological model.—An estimate of the physical conditions during the
early stages of the expanding universe can be made with the aid of cosmo-
logical theory (10, 11, 177). The premises upon which the model is based are
that the universe is homogeneous and isotropic on the large scale, that one
therefore may speak of a smeared-out density of matter in the universe which
is of the order of 1072 gm./cm.? (22, 162), and that the observed red shift
in the spectra of extragalactic nebulae is, indeed, indication of true recession
(101). The universal expansion revealed by the red shift can be expressed
through

v = Hi, 11.

where / is the proper distance, and Hubble’s constant H=1.8X10717 cm.
sec.”Tcm.”L If the universal expansion had always proceeded as described
by Equation 11, the apparent age of the universe would be the reciprocal
of Hubble's constant, or «~2X10? years. This value is on the low side of the
various age estimates, probably because Equation 11 is only a first approxi-
mation to the relativistic expression (177) and, further, it appears that the
galactic distance scale may require change, and this would alter Hubble's
constant (22). Both could greatly modify the apparent age of the expansion
(11, 65). A more serious question about the premises given is the assumption
of homogeneity. A reasonably satisfactory non-homogeneous cosmological
model has been constructed (139), but it does not appear feasible as yet to
extrapolate this model back to the prestellar epoch. A more nearly correct
cosmology may involve homogeneity in the early epochs and inhomogeneity
now, with a transition epoch associated with the formation of galaxies from
a homogeneous medium. Smearing out the present universal properties in
order to extrapolate back to the prestellar epoch may then be a quite rea-
sonable procedure. In the following, the general nonstatic cosmological model
is employed.

Assuming that the expanding universe contains a homogeneous isotropic
mixture of noninterconverting radiation and matter which behaves as an
ideal fluid, one may obtained from the Einstein field equations the following
differential equation, in c.gs. units, describing the expansion:

dl c2lod V2
5 =+ [‘Yplz - R ] ’ 12,

wherelis proper distance and Jy, the unit of length, together with Ry, the unit
measure for radius of curvature (R/Ro=1/l,), are determined from the bound-
ary conditions, ¥ =87G/3 and G and ¢ are the universal constant of gravita-
tion and velocity of light. The density of mass, p, which fixes the geometry, is
the sum of the densities of matter, pm, radiation, p,, and kinetic energy, the
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last named being negligible under the conditions to be discussed. The conser-
vation of matter requires that p,l®=constant. Furthermore, if the universal
expansion is adiabatic so that T« 1/J, then the assumption that theradiation
has a black body distribution requires p.*=constant. Energy is not con-
served in a cosmological model of this kind. Equation 12 can be integrated
and the solution obtained can be reduced for very early times to the follow-
ing (10): for p>>pm,

pr= ()1 =448 X 10° 42 gm./cm.3, 13a.
pm = pi32 gm./cm.3, 13b.

and
T = 1.52 X 101 ;72 °K ; 13c.

for pn>>py,

pr = po't"%3gm./cm.3, . 14a.
pm = 4(972%)"t = 7.94 X 10542 gm./cm.3, 14b,

and
T = T¢?" °K,; ' 14c,

where py, po’, and T are parameters whose choice fixes the model. A compar-
ison of Equations 13a, b, ¢ with a complete solution of Equation 12 shows
that Equations 13a and 13b are good approximations up to about the time
when p,, =p,(or «~10" sec. for the po required by the neutron capture process).

The relationships p=p(f) are of questionable validity in the immediate
vicinity of the singularity at /=0 when the interconversion of matter and
radiation might have been important (10, 51). While the nonequilibrium
theory of element formation is, in the main, not concerned with times so
early that the validity of the cosmological model need be questioned, it does
involve sufficiently early times and densities such that the term in Equation
12 containing Ry may be neglected. Thus the nature of the radius of curva-
ture of the universe need not be specified. As will become evident, the neutron
capture theory requires that the universal expansion be controlled by radi-
ation at early times. In this case, p, is fixed by the cosmological model where-
as the py, is adjusted by proper choice of the constant py in Equation 13b to
yield agreement between theoretical and observed relative abundances of
the elements.

Neutron-capture cross-section data.—There appears to be a strong connec-
tion between the relative abundances of nuclear species and their systematic
properties. Thus nuclear binding energies form the principal basis of equilib-
rium theories of element formation. On the other hand, the neutron-capture
theory had as its basis the correlation of fast neutron-capture cross sections
with relative abundances. The essence of this relationship is that while
abundances decrease exponentially with increasing atomic weight up to
A=2100, radiative neutron-capture cross sections increase exponentially up
to 422100 and both remain essentially constant thereafter.
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F1G. 4. Neutron capture cross sections at 1 Mev versus atomic weight after
Hughes et al. (102). Data for nuclei with 50 1, 82 +1 and 126 £ 1 neutrons are shown
as circles. The point for Kr8¢ is an upper limit.

The relative abundance data permit one to estimate roughly within what
range the temperature must have varied during a neutron-capture process of
element formation. The temperature must have exceeded 108 —10* ev be-
cause one finds no correlation of abundances with the enormous resonances
observed in the cross sections of certain nuclei below these energies. On the
other hand, the temperature must have been somewhat less than the smallest
mean binding energies per nucleon in order that stable nuclei might be
formed. We have assumed a temperature for the start of the element-forming
process of «~10%° K. The effect of temperature variation during the universal
expansion on capture reaction rates is discussed later. The possibility cannot
yet be excluded that neutron-rich unstable nuclei, which may have existed
during the formation process, led to abundance deviations in the presently
observed abundance data because of resonance capture. However, it seems
reasonable that during the element-forming process the species were not too
different from the stable nuclei.

The most important evidence for the correlation of abundance with cap-
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ture cross section is the work of Hughes and collaborators (102, 103) in which
the activation cross sections of a number of species were determined for
1 Mev fission neutrons.

The cross-section data of Hughes and collaborators (102) are given in
Figure 4 where the logarithms of neutron-capture cross sections, ¢, at 1 Mev
are plotted versus atomic weight.!® The capture cross sections exhibit, except
for “magic” and ‘“‘near-magic’’ number nuclei, a remarkably regular depend-
ence on 4. Nuclei containing 50, 82, or 126 neutrons have completed nuclear
shells and have cross sections much lower than neighboring nuclei. This de-
pression in cross section is shared by near-magic nuclei. It may be noted that,
particularly with respect to cross section, there appears to be evidence for a
closed shell at 58 neutrons (102). A similar effect has not been observed for
proton shell closure at Z =20, 50, and 82. The principal features of the data
excluding the magic and near-magic nuclei are well represented by the two
straight lines shown in Figure 4, viz., (6)

log e = 0034 —4.00, 4 < 100 15a.
and
log s = — 100, 4 > 100, 15b.

where o at 1 Mev is given in barns (10~%cm.?). According to Hughes et al.
(102) the experimental error in o lies within a factor of w2 of the measured
values, and, as may be seen in Figure 4, the measured cross sections, except
for the closed shell nuclei, also lie within a factor of about two from the
straight lines shown.

In the neutron-capture theory to be described, Equations 15a and 15b
are taken as defining the neutron-capture cross sections of the elements at
1 Mev. This approximation ignores such detailed features asthe smaller cross
sections of the “magic” and “near-magic"” number nuclei and the more com-
plicated behavior of the light element cross sections. It might follow from the
abundance rules discussed that there should be even-odd variations in cross
section both withrespecttoZ and N.The expected even Z—odd Z variation,
recently discussed by Hurwitz & Bethe (104), has not been observed by
Hughes et al. (102), either because of experimental error or because, as
Hughes et al. suggest, the value of ¢ is determined by the excitation energy
of the compound nucleus which in turn depends on the neutron binding
energy.?? However, odd N nuclei might be expected to have relatively large
o (54) and it is interesting to note the one example measured (102), namely
Lu'®, is the highest point in Figure 4. It may also be noted in Figure 4 that

18 Several other investigators have also studied capture cross sections [e.g. (3, 45,
78, 86, 94, 135]. Their results are in good agreement with the more extensive work of
Hughes et al. and are discussed in (10, 103).

20 MacNamara & Thode (129) have observed an even 4—odd A variation with
thermal pile neutrons, while Kempton (114) has discussed the possible connection of
isotopic abundance ratios with thermal activation cross sections,
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the regular increase of ¢ with Z among the 82 neutron group of nuclei has
been interpreted as arising from a decrease in stability as protons are added
(103). '

A logarithmic plot of neutron-capture cross section against relative abun-
dance, for all but closed shell nuclei, yields a good linear inverse correlation.
In the case of the closed shell nuclei, this correlation is greatly magnified. It
is this type of correlation which suggested the possibility that the elements
were formed by a neutron-capture process. If the various atomic species were
indeed formed by the successive capture of neutrons, then 8-decay should
have played a role in establishing the present abundance distribution from
neutron-rich isobars. Starting from an unstable neutron-rich nucleus 8-decay
would terminate at the stable nucleus having the lowest possible Z. In this
connection, then, it will be recalled that the most abundant of a group of
isobars is usually the one with lowest charge, a fact which lends credence to
the role of B-decay in establishing the abundance distribution with respect
to Z.

The general behavior of ¢ as a function of 4, approximately represented
by Equations 15a and 15b, has been employed by Alpher & Herman (10, 12)
in the formulation of a neutron-capture theory of element formation. De-
tailed consideration has been given to the formation of the very light ele-
ments by Fermi & Turkevich (56) who have taken into account the actual
cross-section variations and reactions other than neutron capture. '

Neutron-capture process—The process of element formation is considered
to be an integral part of the early stages of the expanding universe, and the
following qualitative picture has been suggested. Immediately following the
start of the universal expansion, the material universe consisted of elemen-
tary particles. While the matter density was sufficiently low to permit neu-
tron decay, it is supposed that for some time after the expansion started the
temperature was so high as to prevent significant formation of nuclei be-
cause of thermal dissociation and photodisintegration processes. When the
universe had expanded and cooled sufficiently, deuterons were formed by the
process H(n, 4)D, and successive neutron captures built the heavier nuclei.
The density of matter was sufficiently low so that the time between succes-
sive captures was long enough to allow charge adjustment by $-decay of the
excited nuclei being formed. The densities required by the theory are such
that 8-decay and neutron capture probabilities during the formation process
were about equal (160). The relative concentrations of the various nuclei
depend on the matter density assigned, the rate of the dilution of matter
resulting from the universal expansion, and the rate of decrease of the neu-
tron concentration because of neutron decay. The neutron-capture theory
developed requires that p,>>pn, and the specification of pg in Equation 13b as
well as a starting time for the process. Qualitatively, a very low value of py,
would have yielded principally hydrogen, while a very high pn would have
led to an overabundance of the heaviest elements as end products. The reduc-
tion of the neutron concentration caused by capture and decay, together
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with the reduction of reaction rates as matter diluted in the expansion,
terminated the element-building process in a time of the order of several
neutron half-lives.

In the formulation of the neutron capture theory, the radiative capture
of neutrons is taken to be the only important reaction. In particular the
smoothed-out dependence of ¢ on A given by the two straight lines in
Figure 4 is used, rather than detailed cross sections. Reactions involving
photons, thermal dissociation, and particle reactions other than the (#, ¥)
type are expected to contribute only to establishing the finer details of the
relative abundance distribution. The mathematical formulation is then the
following (10):

Let V be any finite volume element in the universe, N; the number of
nuclei composed of j(=A4) nucleons in that volume, and let the concentration
C;j=N,/V. Assuming homogeneity in composition, one may write

dc; _ 1 aN; C; dV

=_ =L 2, 16.
@ Vd Va 6

In the cosmological model discussed earlier, the density of matter at early
times is given by
pm < 7Y, 17.

where ¥ =2 for p.>>p, andy =3/2for p>>pm. Since p, = M/ V, where M is the
mass of matter in the volume V, it follows that

1 dpm 1
1o __1av__ ¢, 18,
Pm a! V dt t
Combining Equations 16 and 18 yields
9Ci _ 1 aNi _¥Ci 19,

The rates of change of the numbers of neutrons, N,, protons, N;, and nuclei
of nucleon content j, Nj, in the volume V are given by

dN J
d S = V= X iGN, 20a.
4 i
dN,
a - + AN, — piCulVy, 20b.
and, in general for j >1,
aN;
dt’ = p;1CulNj1 — piCalV;, 20c.

where A is the neutron decay constant, p; is the effective neutron capture
volume swept out per second by nuclei of speciesj, and J is the total number
of nuclear species differing only in nucleon content j. If one sets 7 =\¢, sub-
stitutes Equation 19 into Equation 20 and normalizes the particle concen-
trations C,, Cy, and C; with respect to the nucleon concentration Cy at time
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t=ty, then the following expressions describing the neutron-capture process
result:2

dtn J
di = - [1 + ll-] £ — 2 Pikuti 21a.
T T =l
d
—E—I = §, — Pifoty — ﬁv 21b.
dT T
and for the remaining species
d . .
% Piabnkir — Piknkj — E’-’ 2lc.
dr T
where
£ = C;/Co, 21d.
and
P;= p;iCo/A. 2le,

These equations state that the neutron concentration is decreased by decay
and capture, the proton concentration is increased by neutron decay and
decreased by deuteron formation, the concentration of species j is increased
by neutron capture in species (j—1) and decreased as it captures neutrons,
and finally, all concentrations decrease according to the universal expansion.
Equations 21a, b, and c, can be solved only by numerical integration as they
stand.

Thesingular nature of Equations 21a, b, and ¢, at 7 =0 requires the choice
of a finite starting time 7o=»\{, for the element-forming process. It does not
appear to be physically correct to select a starting time, since the element-
forming process builds up as dissociative processes die out. However, since
this occurs rapidly it appears to be reasonable to assume that the process
started at a time when the temperature in the expansion has fallen well
below the deuteron binding energy. For this time one must specify Cq as well
as the coefficients P;. In order to calculate the pj, it is assumed that one may
use classical ideal gas statistics (10), with the result that

147\ = E
p,—B( 7 ) j;o(],E)EexP(—ﬁ)dE, 22a.
where
8 \1/2
B=( )(me 22b.
T,

2 [f Equations 21a, b, ¢, d, e are formulated in terms of concentrations by weight
[see (10)], the explicit term for the universal expansion effect is eliminated. However
the coefficients P then contain the time explicitly through a factor pn. Only if all the
reactions in Equations 21 were of the same order would it be possible to completely
eliminate the explicit » dependence, and to determine ratios of concentrations in-
dependently of the nature of the expansion,
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E is the collision energy, and m, is the mass of a nucleon. Evaluation of
Equation 22 requires insertion of the capture cross section, ¢, as a function
of j and of E. The energy dependence of ¢ is about as E~/2 for low and me-
dium energies, and E™! for Mev energies (102, 194). However, if T 0.1
Mev in Equation 22, the main contribution from ¢ will be in this energy
region so that ¢ ® E71/2 should be an adequate approximation.?? With this
energy dependence and with the smoothed-out j dependence given by Equa-
tion 15, the possible time dependence of $; which enters through E and T in
Equation 22 vanishes and one obtains

14 ] 1/2
i 14 X 1071w+00si (__-) cm.¥/sec., j < 100, 23a.
F !
and
pi=1.4 X 1071 cm.2/sec., § > 100. 23b.

The neutron-capture process has been studied quantitatively in several
successively improved approximations.?? The simplest of these involved neg-
lecting the universal expansion and taking neutron and proton concentra-
tions as constant during the process (5, 6, 7, 10). In addition to demonstrat-
ing that the neutron-capture process did yield the correct general trend for
the relative abundance distribution, this work also showed that the universal
expansion should involve a radiation universe containing a trace of matter.

In an improved approximation Equations 21a, b, and c, were taken
without the expansion terms, i.e., the process was calculated for a static
universe..Because of the almost exponential decrease in relative abundance
with increasing A4, it was assumed in this calculation, and in the calculation
involving the expansion to be described, that the summation term ZP &ni
could be neglected for j >4. In order to reduce the labor involved in the
numerical integration of Equations 21a, b, and ¢, even with the expansion
terms deleted, the nuclear species were grouped (10) by appropriate averag-

-ing of the coefficients p; over sets of 5 or 20 in j, thereby reducing the number

of equations to be solved to 27. For the first five equations, the coefficients
were taken as in Equation 21e while for the remainder of the species the
grouped coefficients were

2

H=—"on—3rp, 24.
& q(q+q’)z !

2 If ¢ o« E7! were used, then the p; calculated would differ by a factor of ~% to ~}
of those given by Equation 22. This is a trivial difference in view of the approximate
form of ¢ used, in terms of both j and E dependence.

% In a very rough approximation, one may write on the basis of the inverse corre-
lation of abundance and cross section that log ¢=a; log a+a; where « is relative
abundance and the a’s are constants. Then using Equation 15, one may derive that
log a=a; A+a, for A <100 and log e =constant for 4>100, two straight lines ap-
proximately representing the log « versus A4 distribution. It is interesting to note in
this connection that Goldschmidt (71) suggested that the relative abundances appear
to be described by ax 27 or Z3, while Mattauch & Fluegge (132) suggested at 1.22,
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F1c. 5. Relative abundance as a function of time (r =\) according to the neutron-
capture theory including expansion (12). Curves are labeled to indicate atomic
weight. The nucleon concentration at =g for this case is 1.07 X107 cm.™3

where Z’ denotes summation over the group of size g, and ¢’ is the number
of species in the succeeding group. In the integration, group sizes of 5 and 20
were taken for values of j below and above 100, respectively. Neglecting the
expansion terms removed the singular nature of Equation 21 so that one
could take 7=0 as the starting time with £,=1 and £;=0 at this 7 for all j.
Again it was found possible in this approximation to fit the general trend of
the relative abundance data by proper choice of the arbitrary parameter pm
(9, 10). More recently, Berlin (23) has obtained an exact analytical solution
to the equations describing the neutron-capture process in a static universe,
i.e., Equation 21 with the expansion terms deleted [see (12)].
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The solution of Equations 21a, b, and c, for an expanding universe was
obtained recently by means of the SEAC computer (12). The results of this -
work would appear to provide the best available estimate of the physical
conditions associated with element formation. Equations 21, reduced to 27 in
number by grouping, were solved for a variety of initial conditions. One of
the solutions obtained is illustrated in Figure 5 where £,(ro) =0.88, £1(10)
=0.12 and 79=MNfp=0.128. For a neutron half-life of 12.8 min. (148), the
initial temperature and time are «~1.28 X10% K (0.11 Mev) and 142 sec.,
respectively. The growth curves in Figure 5 show, as expected, that after a
sufficiently long 7 the relative abundances of all species other than neutrons
decrease as 7792, i.e., the only further changes in abundances are those re-
sulting from dilution in the continuing universal expansion. The abundances
for large 7 therefore no longer change relative to one another, and may be
compared with observed universal abundance data if one adds the small
percentage residual of decaying neutrons to the proton concentration, since
capture reactions are no longer important.

The character of the growth curves depends strongly on the value of Cj.
For Co>Cy’=1.07X 10" cm.~3 (that used in Fig. 5) the relative abundances
go through a sharper peak, whereas for Cy<Cy’ the growth peaks are broad-
ened. The final relative abundances obtained for different values of Cy are
shown in Figure 6, where all abundances are normalized to protons and the
solutions joined with the data at j=1. The best representation of the ob-
served data (34) is given by the curve labeled C¢’ which corresponds to a
nucleon concentration of 1.07 X 10" cm.™3 at 7. The solutions? shown cover
a range 2.13X 10" ¢m. 3= Co=2.13 X108 cm. ™3, For Cy > Cy’ the heavier ele-
ments are relatively overabundant, while for Co<Cy’ only the lightest ele-
ments are present in appreciable relative abundance.

The effect of grouping nuclear species in order to reduce the number of
Equations 21c has been investigated and can be compensated if a new Cj is
taken which is approximately five times the value in the case of grouping.
Hence a better estimate of the Cp required to represent the general trend of
the observed data is ~5.4 X107 cm.™3, which corresponds to p»=8.9X10~7
gm./cm.?at 79=0.128, or po=1.5X10"3 gm. cm.”3 sec.3’? in Equation 13b.
The value of po in the nonstatic case isabout 25 times larger than theaverage
p= required in the static case. The neutron-capture theory is thus seen to
adequately describe the general trend of the observed relative abundance data
when the universal expansion is explicitly taken into account.

T he formation of light nuclei.—The use of smoothed neutron-capture cross
sections for the lightest elements is a very rough approximation. A study of
the formation of very light nuclei in terms of specific reactions has been made

24 The case 0.2 Cy’ runs out because of the limitations of a single-precision calcula-
tion. The dashed portion of the Cy’ curve in Figure 6 reflects the fact that for j > ~90
the accuracy of solution is reduced to about one significant figure. All curves can be
linearly extrapolated for j > ~185,
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neutron capture theory in an expanding universe (12). The gffect of varying the
initial nucleon concentration is shown by the several curves, where Co’ = 1.07 X 10*
cm.™3,
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by Gamow (8, 64, 68), Fermi & Turkevich (56) and Carson (37). Gamow in-
vestigated the building of deuterons by neutron-proton capture. More re-
cently Fermi & Turkevich examined all the thermonuclear reactions which
are less endothermic than the disintegration of the deuteron, and which can
go on between n, H, D, T, He3, and He*, as well as the radioactive decay of
n and H3. These reactions, 28 in number, were followed in the nonstatic cos-
mological model containing radiation with a trace of matter, as discussed
earlier. Fermi & Turkevich found that among these reactions only neutron
decay was important up to 300 sec., when the neutron-proton ratio is
«7/3 if one started at t =0 with neutrons only. After this time the important
reactions in addition to neutron decay are H(n, v)D, D(d, ¥)He*, D(d, n)He3,
D(d, p)T, T(d, n)He* and D(y, #)H. The p, required was found to be in
agreement with that obtained in the neutron-capture theory and the com-
puted relative abundances in qualitative agreement with observation.

One of the difficulties of the nonequilibrium theory is the question of the
existence of specific reactions that might carry the formation process past
A =5 and 8 for which there are no stable nuclei. Fermi & Turkevich did not
find sufficient improvement by increasing p, and up to the present no specific
resonance reactions or cyclic reactions involving “seed” nuclei have been
successful (10, 65). Recently Turkevich (180) suggested that the fast product
particles probably do not become thermalized between successive reactions
so that reaction rates might be increased. However, his preliminary calcula-
tion yielded negative results. Carson has currently re-examined this question
of specific reactions, taking into particular account the fact that the matter
temperature may lag the radiation temperature in the universal expansion at
early times. This lag results from the time required for thermalization of fast
product particles. Furthermore, associated with the initiation of reactions
building up nuclei there might be the sudden release of a large amount of "
energy. A preliminary calculation shows that the resulting momentary in-
crease in reaction rate does not yet provide a mechanism to bridge the gaps.

As has been indicated, Li, Be, and B are at present much less abundant
than the general trend in their vicinity and therefore are below the curve
predicted by the neutron-capture theory. While it is clear that these species
would be depleted in stars, it is also interesting to note that thermonuclear
reactions with protons during and following the formation process in the
homogeneous expanding universe could yield the observed lowering in rela-
tive abundance of these species as well as F!9, since they have rather high
cross sections for such reactions? (14).

Detailed problems—There are a number of detailed problems associated
with the neutron-capture theory, some of which are discussed here briefly.
In the theory of the neutron-capture process presented thus far, it has been
assumed that the time between successive captures was long enough to allow

25 Since the depletion would be most rapid at early times this implies that Li, Be,
etc., may not have been present in appreciable quantities during stellar formation and,

. therefore may not have been involved in stellar energy sources.
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any necessary adjustment of charge by B-decay. The validity of this assump-
tion depends upon the p» and upon the 3-decay rates. Smart (158, 160) has
examined this problem in detail and finds that at the densities required by
the neutron-capture theory the probabilities of B-decay and of neutron cap-
ture should be about equal for the somewhat neutron-rich nuclei involved.
This conclusion does not alter the validity of the representation of the general
trend of the abundance data by the basic neutron-capture theory, although
it does bear directly on detailed calculation of abundances. By following a
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Fi16. 7. Relative abundances of the light elements versus atomic weight according
to the steady-state formation chain of Smart (158), fitted to Brown's data (34) at

Sizs,

detailed formation chain and estimating at each step the relative probabili-
ties of B-decay and neutron capture, Smart has calculated the steady state
relative abundances of the lighter elements, as shown in Figure 7. It is inter-
esting to compare this with the results of equilibrium theory since there is
agreement not only in trend but also most of the computed abundances fol-
low detailed variations in the observed data (compare Fig. 2). Furthermore,
Smart’s work appears to place the even-odd abundance rules in the frame-
work of the nonequilibrium theory.

Since the neutron-capture theory would appear to involve B-decay as
well as neutron-capture reactions, it seems reasonable to suppose that the
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final abundance distribution in Z is strongly influenced by B-decay subse-
quent to the formation process. This raises the question of forming shielded
nuclear species, since most sets of stable isobars are of the form zX# and
z+2X4 and it is the latter or shielded isobars which apparently cannot be
reached by fB-decay. This problem has not yet been satisfactorily settled,
although one must further examine the role of additional reactions such as
(v, ») and (», 2n) (10, 111, 134, 159).

An outstanding feature of the abundance data is the large peak at iron
which has yet to receive quantitative explanation in any theory of element
formation. The fact that the elements around iron are most stable makes the
explanation of this peak according to an equilibrium theory quite attractive,
although not yet successful. On the other hand, in a nonequilibrium theory,
the iron peak might be enhanced by thermal dissociation and photodisin-
tegration processes not included in the basic theory. Since the probability
of thermal dissociation is an exponential function of binding energy per
nucleon, the elements lighter than iron will tend to be depressed in abun-
dance, whereas the large increase in (v, n) probabilities for Z=29 (30, 111,
144) would tend to depress the abundances of elements heavier than iron, the
net result being an emphasis of abundance near iron.

Qualitatively the neutron-capture theory indicates that because of the
low neutron-capture cross sections there should be relatively high abun-
dances in the vicinity of the magic number nuclei. Rough calculations do
indeed indicate that such would be the case except that in these calculations
the relative abundance of the species next following the magic numbers are
so depressed that the picture is undoubtedly more complex (10). It has been
suggested (9) that one has to include by-passing reactions through isobaric
nuclei to remove this difficulty. In the vicinity of the magic numbers would
also lie the peaks in mass yield curves due to fission of heavy nuclei [(68);
Deutsch (47)]. The fission process would tend to cycle material through, the
heavy element region during the time of formation, building up mass yield
peaks and acting as a terminus in A for the formation process.

One of the most important special problems in the neutron-capture theory
is the determination of the proper initial conditions. The authors’ work is
predicated on the simplified assumption that the neutron-proton ratio at the
start of the element-forming process was that determined by the f-decay of
a pure neutron ylem up to that time. This assumption ignores the many
processes which must have gone on in the expanding universe for, say, the
first several hundred critical seconds. While such processes as (v, #) reactions
prevented the building of nuclei in appreciable numbers during this period
[see (10)], there may have been other phenomena seriously affecting the rela-
tive amounts of neutrons and protons. Recently Hayashi (93) examined this
problem and found that the ylem should have an equilibrium proton-neutron
ratio of unity, and that by the time of element formation, neutrino-induced
B-decay of the neutron should have increased this ratio to about four. With
this initial condition in the basic neutron-capture theory, the authors have
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not found it possible to reproduce the general trend of the observed data (12).
A recalculation of the initial neutron-proton ratio after the method of
Hayashi, with more detailed consideration of the relativistic model and of
the fundamental processes involved, leads to a ratio not significantly different
from that calculated by Hayashi.® It would appear necessary to re-examine
all of the nonequilibrium processes without the assumption of a specific
starting time.

Discussion—The neutron-capture theory within the framework of a cos-
mological model predicts not only the general trend of the abundance data
but also some of the detailed features when 8-decay and other specific proc-
esses are taken into account. However, the principal difficulties still extant
are those associated with the gaps at 4 =35 and 8, shielded isobars, and the
initial conditions. While the theory is in a quite approximate state at the
present time, it is hoped that the inclusion of the growing knowledge of the
properties of nuclei and nuclear reactions will satisfactorily explain the de-
tailed features of the abundance data, provided, of course, that the extremely
difficult detailed calculations can be carried out.

THE POLYNEUTRON F'1sSION THEORY

A rather different approach to the problem of element origin is the forma- -
tion of nuclei as the result of the fission of supernuclei. While the properties
of such supernuclei have been examined rather extensively, there has not
been any successful calculation of the resulting relative abundance distribu-
tion as a function of atomic weight. The originator of these ideas was
Lemaitre (123), who suggested that in the “beginning’ the entire universe
consisted of one huge nucleus and that the disruption of this ‘“primeval
atom’’ marked the start of the time scale and of the universal expansion as
well as the mechanism for element formation by evaporation. More recently
Cherdyncev (42) applied equilibrium notions to neutron nuclei in large neu-
tron aggregates of stellar dimensions. Here again the breakup hypothesis is
invoked with the common nuclei produced by the 8-decay of the pure neutron
fragments. Mayer & Teller (133, 134) have suggested as a source for heavy
elements the fragments resulting from the breakup of a polyneutron—a cold
nuclear fluid consisting primarily of neutrons and of somewhat less than
stellar dimensions. They have calculated some of the properties of the poly-
neutron and give a theory for its fission into highly excited fragments. A
mechanism for the formation of such original polyneutrons has been sug-
gested by Peierls, Singwi & Wroe (142),% who consider a cool homogeneous
expanding universe of very high p,, which initially consists of neutrons and
in which cavities form because of the development of tension. The cavities
are shown to grow in a regular manner so that the nuclear fluid ultimately
separates into lumps identified with the Mayer-Teller polyneutrons.

As a consequence of the polyneutron theory, there have been several
attempts to describe the relative abundance distribution. Mayer & Teller

% This work is currently being carried on by the authors with J. W. Follin, Jr.
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(134) have had a measure of success in predicting relative isotopic abun-
dances for some species by assuming that for a given Z the isotopic abun-
dances obey a Gaussian distribution weighted according to the binding
energy of the last neutron. While they show that the polyneutron fission
fragments will more than cover the range required in Z above Z=37, they
have not estimated the relative frequency of fragments of given sizes. Thus
there does not appear to be a direct tie-up between the isotopic abundance
calculation and the break-up hypothesis, and in particular the abundance
distribution in 4 does not result from their work. Peierls, Singwi & Wroe
(142) have shown that, principally because of the low temperature involved
in the formation and subsequent fission of the polyneutrons, the mass of ma-
terial which would remain as heavy nuclei greatly exceeds that left over as
free neutrons which it has been assumed would combine to form the light
elements. They have been unable to find any simple modification of the
theory such as a higher temperature which would solve the light element
difficulty and at the same time preserve the conditions required for the for-
mation and evolution of polyneutrons.

In an attempt to explain light element abundances in connection with the
polyneutron theory, Band (21) has used the quantum statistics of a dissocia-
tive clustering nucleon gas. His formal result for equilibrium concentrations
differs negligibly from that given by the Gibbs grand canonical ensemble and
his work appears essentially to reproduce the many earlier equilibrium cal-
culations. A fit for the light elements only was obtained to the observed
abundance data for 2725 Mev. Band suggests that the primordial fluid
first separated into two phases, one being superclusters which eventually
cooled and became polyneutrons, the other being the atmosphere of poly-
neutrons which yields the light elements. This suggestion is not in agreement
with the evolutionary model for polyneutrons proposed by Peierls, Singwi &
Wroe.

The various investigations of the polyneutron model are interesting and
provocative. However, they suffer from two main difficulties, namely, they
appear to raise difficult cosmological questions and they have not been suc-
cessful as yet in predicting the over-all trend of the relative abundance dis-
tribution.

MaTTER CREATION THEORY

From the earlier discussions it is clear that the cosmological problem
should be considered as an integral part of the framework of theories of
element formation. While it is beyond the scope of this work to review the
large subject of cosmological theory, the recently proposed steady state
theory of the expanding universe involves matter creation and is therefore
pertinent for discussion here. Perhaps the earliest suggestion along these lines
was that of Jeans (105) who conjectured that in the center of galaxies there
might be singular points through which matter entered the universe from
‘“‘elsewhere.”” More recently Dirac (48) suggested the time variation of some
of the universal constants as a new basis for cosmology. In particular he
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proposed that the constant of gravitation decrease with time, requiring-an
increase with time of the amount of matter in the universe. Dirac (49) later
modified this theory to preserve the conservation of matter. Jordan (112)
has also described a cosmology involving time-dependent universal constants
in which matter somehow enters the universe in the form of ‘“drops” of the
dimensions of giant stars, which events are suggested as being supernovae
outbursts. The most extensively developed ideas along these lines are those
of Bondi & Gold (29) and Hoyle (100) who have suggested

that the creation of matter is a continuing process operating at the same statistical
rate at all epochs, a statistically constant density being preserved by the dispersal of
matter known as the expansion of the universe.?’

Hoyle has formalized these ideas by considering field equations as nearly as
possible like those of Einstein without requiring the conservation of matter,
while McCrea (125) more recently has shown that one may use the Einstein
theory without any modification other than the introduction of a zero-point
stress in the energy-momentum tensor. According to McCrea the matter
created is the mass equivalent of the work done by this stress in the universal
expansion. The process proposed is the spontaneous creation of either neu-
trons, hydrogen atoms, or protons and electrons, or neutrons at a rate of
about 3X10~% gm. cm™ sec.™! which would maintain a p,=6X10-28 gm.
cm.”? at a constant value according to the present expansion rate.

The mechanism suggested by Hoyle (98, 99) for the formation of all the
elements from the continually created hydrogen involves the formation of
stars by accretion. These stars are supposed eventually to dehydrogenize
and during subsequent collapse heavier elements are synthesized. The diffi-
culties associated with this mode of element formation, and in particular the
problem of freezing-in an equilibrium distribution from an exploding star,
have been described in the earlier discussion of the equilibrium theory (10).

CoNCLUSION

The abbreviated nature of this review makes it impractical to bring to-
gether here a more detailed discussion than has already been given of the
successes and failures of the theories of the origin and relative abundance of
the elements. None of the theories presented is without serious difficulties.
However, it is the belief of the authors, and perhaps not without prejudice,
that the theory of element formation principally by neutron-capture reac-
tions in the expanding universe may suffer from fewer difficulties than other
theories. In addition, this theory has as a minimum provided a fit to the gen-
eral trend of the relative abundance data with relatively few adjustable
parameters within the framework of what at present appears to be a reason-
able cosmological theory. The authors have attempted to give as objective a

2 Quoted from a review of this subject by McCrea (124) q.v. for general refer-
ences. See also McVittie (128).
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survey as possible of the present status of this problem and hope that it will
serve to point up the many interesting and provocative questions that re-
main in this unsettled field.
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