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THE goal of every scientific theory is the inter-
pretation of a certain set of observed facts, which
are its empirical basis. Data on the abundances of
the chemical elements in the universe (i.e., data
on the chemical composition of cosmic matter)
serve as the basis of the theory of the origin of
the elements. These data cannot, of course, be
exact, but even the coarsest analysis permits the
determination of certain regularities, whose ex-
planation is the fundamental problem of the theory
of the origin of the elements. We shall begin with
a review of these experimental data.

THE CHEMICAL COMPOSITION OF COSMIC
MATTER

The determination of the average chemical
composition of cosmic matter requires the com-
parison of a vast amount of data. The variety of
chemical compositions of various constituent parts
of the earth’s crust has made the averaging of the
results of their analyses exceedingly difficult.
Hence, although the basic qualitative character-
istics of the curve of abundance of the elements
is confirmed by the geological data, this curve
has generally been constructed on the basis of
analyses of matter of extraterrestrial origin. At
present, the average specimen of cosmic matter
is generally considered to be the so-called
chondritic meteorites.! This is the most fre-
quently found type of stony meteorite, and is dis-
tinguished by the fact that the structure of these
meteorites contains fine stony globules, or chon-
drules. The chemical composition of chondritic
meteorites is distinguished by quite definite
characteristic features. On the basis of a large
number of analyses of these meteorites, and also
taking into account the geological and astrophysi-
cal data, Suess and Urey® have compiled a table
of the relative abundances of the elements. The
curve in Fig. 1 is constructed from these data.
Here the abscissa is the mass number A, and
the ordinate is the logarithm of the abundance,
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FIG. 1. Curve of the atomic abundances of the elements,
according to Suess and Urey.

i.e., the relative number of atoms with the given
mass number. The unit of abundance is taken
such that the abundance of silicon equals one
million. Such a unit is convenient because in
this scale the abundances of the majority of
heavy elements are expressed by numbers of
the order of unity.

The basic qualitative features of this curve
agree with the results of spectroscopic analysis
of stellar atmospheres, geological study of the
earth’s crust, and the existing data on the compo-
sition of the primary cosmic rays, which appar-
ently reflects the composition of the interstellar
gas.

The quantitative agreement between the results
of chemical analyses of chondritic meteorites and
the spectroscopic analysis of stellar atmospheres
is not good for all elements. In a number of cases,
particularly iron and its neighboring elements, con-
siderable discrepancies have been observed; the
reasons for these discrepancies are not yet clear.
However, the calculation of the chemical composi-
tion from the intensities of the Fraunhofer lines
in stellar spectra is not yet sufficiently reliable.
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This prevents us from taking the spectroscopic
data as the basis for constructing the curve of
abundances of the elements.

HYDROGEN AND HELIUM

Of course, the complete curve of abundances
cannot be constructed on the basis of analyses of
stony (chondritic) meteorites alone. In particu-
lar, the most volatile elements, hydrogen and
helium, are absent from meteorites. One must
roughly estimate their abundances from the total
mass of matter in all the stars, nebulas, and inter-
stellar gas. Of course, this estimate is very im-
precise, but the qualitative conclusion is undoubt-
able: hydrogen and helium are the fundamental
components of cosmic matter. All the remainder
may be considered as a slight impurity. Accord-
ing to the estimate of Suess and Urey, the content
of hydrogen in cosmic matter is 40,000 times that
of silicon (in number of atoms). Since silicon is
one of the most abundant among the remaining
elements, the number of atoms of hydrogen and
helium is thousands of times greater than the
number of atoms of all the remaining elements.

This result is confirmed by the data of theoret-
ical astrophysics. These lead to the conclusion
that, to a coarse approximation, the properties of
the overwhelming majority of stars can be satis-
factorily described by a model consisting only of
hydrogen and helium. Thus, a hydrogen-helium
model of the sun has been constructed,3 and shows
properties very near those of the actual sun. Hence
it follows that the basic features of the internal
structure of the sun are determined by the prop-
erties of a hydrogen-helium mixture. All the re-
maining elements may be considered as a slight
impurity in this mixture, and their influence on
the properties of the star as a slight correction to
the hydrogen-helium model. The same conclusion
remains valid for the bulk of the stars of the main
sequence, to which the overwhelming majority of
all stars belong.4® The only group of stars in
which the heavy elements play a basic role, hydro-
gen being completely absent, is that of the white
dwarfs, the stars in which all the hydrogen has

already been burned up by nuclear reactions. Very -

few of these stars are known. The fact is that,
owing to their low luminosity, it is hard to observe
them, and only the nearest ones are known to us.
At present it is difficult to judge what the total
number of white dwarfs is, or what influence they
have on the chemical composition of the universe.
However, from the existing data one could hardly
expect that this influence is very significant.
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The ratio between helium and hydrogen may be
estimated only by applying the theory of the internal
structure of stars.

The problem of the abundance of deuterium has
not at all been clarified. If the content of deuterium
in cosmic hydrogen is the same as in terrestrial
hydrogen, deuterium must be one of the most abun-
dant elements. However, we possess no direct data
on the deuterium content of extraterrestrial matter.

FUNDAMENTAL QUALITATIVE REGULARITIES
OF THE ABUNDANCE CURVE

On the curve shown in Fig. 1 one can see imme-
diately a number of distinct qualitative regulari-
ties, manifested as more or less sharp maxima
and minima in the curve.

After the very high abundance of hydrogen and
helium, there follows immediately such a sharp de-
cline that the curve cannot be drawn smoothly in
this region on the graph. This decline corresponds
to the light nuclei lithium, beryllium, and boron.

Beyond this, the curve rises sharply upward,
and shows a smooth, broad maximum in the region
of carbon, oxygen, neon, magnesium, silicon, sul-
fur, and calcium. Characteristic of this region
are the especially high abundance of the symmet-
rical nuclei with A =4n and Z = 2n, which may
be obtained from whole numbers of « particles
(helium nuclei ).

Beyond calcium, a sharp decline follows again
to the exceedingly low abundance of the element
scandium. This decline, to which insufficient at-
tention has thus far been paid in the literature, we
shall call the “scandium gap.”

After the scandium gap, the abundance curve
rises upward very sharply to the sharpest of all
the maxima occurring on it. On this maximum lie
iron, nickel, and their neighboring elements; hence
it is called the iron maximum.

After the iron maximum, the abundance curve
drops sharply as far as the region of mass num-
bers about 100. This decline is shown linearly on
the curve in Fig. 1, but since the logarithm of the
abundance is plotted on the graph, the abundance
actually falls exponentially with the mass number
in this region.

The region of the heavy elements begins with
A =100, where the abundance remains of the same
order of magnitude on the average over a broad range
of mass numbers. On this background, maxima are
clearly visible, which are considerably lower than
the iron maximum. These maxima correspond to
the nuclei with neutron numbers 50, 82, and 126,
the so-called “magic numbers,” i.e., closed neu-
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tron shells. These maxima were noted long ago,®
and their discovery was the first impetus to the
development of the theory of nuclear shells.

Upon this coarse structure of the abundance
curve is superimposed a fine structure. Above all,
nuclei with even mass numbers show a greater
abundance. Besides, the maxima near the magic
numbers turn out to be doubled. Finally, on care-
ful examination of the region of heavy nuclei, it is
possible to see another smeared-out maximum
near A =160. It is much less ¢learly marked than
the maxima at the magic numbers.

These are the basic qualitative regularities of
the abundance curve of the elements, which the
theory is required to explain.

POSSIBLE PATHWAYS OF THE SYNTHESIS OF
THE ELEMENTS FROM THE VIEWPOINT
OF NUCLEAR PHYSICS

The classical physics of the 19th century con-
sidered the elements to be eternal and immutable.
The clear qualitative regularities in the abundances,
which have just béen enumerated, admitted of no
interpretation whatever from this viewpoint. One
might say that the existence of these regularities
is one of the pieces of evidence of the insufficiency
of the old classical physics, since it could offer
nothing in explanation.

In modern nuclear physics, an entire series of
processes are known which may lead to the syn-
thesis of atomic nuclei in nature. The analysis of
these processes must give a definite, although per-
haps qualitative explanation of the abundance curve.
All of these processes are nuclear reactions of
some type or other.

We may subdivide all the nuclear reactions
which can in principle lead to the formation of
the elements into the reactions between charged
particles and the reactions involving neutrons.

All the nuclear particles except the neutron have
positive electric charges which lead to Coulomb
electrostatic repulsion between them. The ap-
proach of these particles is hindered by the Cou-
lomb potential barrier; the height of the barrier
increases as the product of the charges of the in-
teracting particles. If the particles obey classical
mechanics, they can surmount this barrier only at
very high energies of the order of mega-electron
volts (Mev). As a rough estimate, when particles
of charges Z; and Z, interact, the mass num-
bers being A; and A,, the height of the potential
barrier is

1)
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The proportionality coefficient here is close to
unity.

Since nuclear particles obey quantum mechanics,
they are able to tunnel under the barrier. That is,
they may approach each other with energies less
than the height of the barrier. As an estimate of
the probability B of this tunneling, quantum me-
chanics gives an approximate formula:

()

Ep 27,7,
B exp(4 )/ BTl

where v is the relative velocity of the particles;
E is the kinetic energy in the potential well:

10
Er~g a7 &) eV

A is the reduced mass of the particles, in atomic
weight units:

A4,

T A4,

Owing to tunneling under the barrier, nuclear
reactions between charged particles may proceed
at much smaller energies than the height of the
barrier. However, the rate of such a reaction
according to formula (2) varies exponentially with
the velocity or energy of the particles. For nu-
clear reactions between charged particles to pro-
ceed at a measurable rate, the particles must have
sufficient energy. The greater the product of the
charges of the particles, the greater this energy
must be. In practice, this energy is not measured
in Mev, but in units a thousand times smaller:
kilo-electron volts (kev). At lower energies, the
rate of the reaction declines exponentially.

From what has been stated, it follows that to
synthesize nuclei by means of reactions between
charged particles, the particles must necessarily
have energies of the order of kev or greater (de-
pending on the charges). This energy may be
either thermal energy, or may be obtained by ac-
celeration of individual particles by electromag-
netic fields or other processes not involving heat.
In the first case, one speaks of thermonuclear re-
actions, and in the second case, of nuclear reac-
tions due to athermal acceleration.

Reactions with neutrons do not require the sur-
mounting of energy barriers, and may proceed at
arbitrarily low energies. In fact, the effective
cross-sections for interaction of neutrons with
nuclei even increase with decreasing energy, as
a rule. Actually, the interaction of a neutron with
a nucleus at low energies has the character of the
capture of the neutron with the emission of a vy
quantum. Here one obtains not a new element,
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but another isotope of the same element. However,
processes of this type lead finally to the formation
of unstable isotopes — nuclei which are overloaded
with neutrons, and which then undergo B decay
with the emission of an electron and a neutrino to
give nuclei having the higher value of Z corre-
sponding to the next element. Thus, in the pres-
ence of neutrons, the combination of successive
processes of y capture and B8 decay may lead

to the synthesis of elements. High energies are
not required for this process, provided that they
are not necessary in order to produce the neutrons
themselves.

We may classify the pathways for the synthesis
of the elements which are possible from the view-
point of nuclear physics as follows:

1. Reactions between charged particles:

a) thermonuclear reactions,
b) reactions due to processes of athermal
acceleration.

2. Reactions involving neutrons.

The simplest of these processes, from the
point of view of the physical conditions that they
require, are the thermonuclear reactions, which
we shall now discuss.

THERMONUCLEAR REACTIONS

The rate of a thermonuclear reaction is deter-
mined by the probability of tunneling by a particle
under the Coulomb barrier, according to formula
(2). Here we must take into account the distribu-
tion of the velocity v among the particles accord-
ing to thermodynamic equilibrium, i.e., according
to Maxwell’s law. On multiplying the probability
of tunneling at a velocity v by the number of
particles having this velocity

_ pel
n(v) ~e 2T

(1 is the reduced mass), and integrating over all
velocities, we find as the mean probability of tun-
neling:

wo?  2mZ Zget
T~ S exp ( — g Bhala )du. 3)

The integrand of this formula has a sharp max-
imum at the velocity at which the following quan-
tity has a minimum:

po? 2nZyZ,e?
7 TR

i.e., at the velocity
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This is the optimal velocity, at which the reaction
basically proceeds. At lower velocities, the prob-
ability of tunneling is small, while at higher veloci-
ties, there are few particles having the given
velocity.

The integrand in (3) expresses the relation of
the reaction rate to the Coulomb electrostatic in-
teraction. If the specific nuclear interaction varies
smoothly with the energy, then the temperature-
dependence of the rate of the thermonuclear reaction
will be determined by the integrand of (3) at the
value of v given by (4). That is, it is determined
by the integrand e~X, where the temperature bar-
rier exponent ¥ is equal to:

3 p——
(nZ,Z.e2)2 o
215sz ()

x=3
Upon substitution of the values of the universal con-
stants, we have numerically:

y = 4248 f/ B2 (7 in°K) ®)

Here the reaction basically proceeds by means
of the particles having the optimal energy, which
corresponds to the maximum of the integrand in

3):
E_ =

m

kT. (7
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In many cases, the dependence of the specific
nuclear reaction-on the energy shows resonance
maxima corresponding to quasi-stationary energy
levels of the compound nucleus. If such a maxi-
mum is close to the optimal energy in (7), the
thermonuclear reaction will proceed basically at
the resonance energy. The character of the tem-
perature dependence will change here, and will be
expressed by the function exp (- Er/kT), where
Ey is the resonance energy.

From the physical considerations presented
here, we can estimate the temperature suffi-
cient for thermonuclear reactions to proceed.
This temperature is determined by the condition
that the index x must not be too large, and de-
pends on the product Z;Z,. For the lightest
nuclei, this temperature turns out to be of the
order of 1 kev, that is, in customary units, of the
order of 10'°K. The required temperature in-
creases rapidly with increase in the charges of
the particles. A precise estimate of the temper-
ature depends not only on the value of the tem-
perature barrier exponent Y, but also on the
coefficient of the exponential.
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PHYSICAL CONDITIONS IN THE INTERIORS
OF STARS

Of the cosmic objects surrounding us, we may
expect to find the highest temperatures in the in-
terior regions of stars. The first question posed
by the theory of the origin of the elements is
whether thermonuclear reactions that lead to the
synthesis of the elements can proceed in the in-
teriors of stars.

This question was first studied twenty years
ago by Bethe' in his classical paper which launched
the development of nuclear astrophysics. As it
happened, a negative answer was obtained in this
paper. For stars with internal constitutions simi-
lar to that of our sun, nuclear reactions may lead
only to the transformation of hydrogen into helium;
this is the source of the star’s energy. The for-
mation of elements heavier than helium in such
stars is excluded.

To understand how this result is obtained, we
must explain how the temperature at the center
of a star is estimated. It is important to empha-
size that this estimate depends neither on the law
of heat conduction nor on the law of generation of
energy. It is based solely on the condition of hy-
drostatic equilibrium between the pressure and
the force of gravity.

Within the accuracy of a dimensionless coeffi-
cient, the condition of hydrostatic equilibrium may
be obtained from simple considerations of simili-

tude. The force due to the pressure, which tries to
expand the star, is
1 9P
Fp= <o (8)

where P is the pressure and p is the density.
The force of gravity hindering the expansion is

Fo=20 ©)

r2

where G is the gravitational constant, I is the
mass, and r is the distance from the center of
the star. For stars similar in internal structure,
it follows from similitude that

Fep=77, (10)
where the values of P, p, and r are taken at
corresponding points, and 7 is 2 structural fac-
tor, i.e., a dimensionless number depending on
the internal structure of the star. If P and p
are referred to the center of the star, and r to
its surface, the condition of hydrostatic equilib-
rium acquires the form

P, _GR
TR T W

where the index c¢ refers to the center of the star,

and R is the radius of the star. Hence, the phys-
ical state of the matter at the center of the star is
characterized in the general case by the condition

P, G

e TR (11)
Now, let the matter in the center of the star obey
the ideal gas law:

p-f, (12)
where R is the gas constant, and u is the average
molecular weight of the stellar matter. Then the
condition of hydrostatic equilibrium directly deter-
mines the temperature at the center of the star:

_peM

T°_7ER—2R' (13)
The masses and radii of stars may be conveniently
expressed in solar units, equal respectively to the
mass and radius of the sun. On transforming to
these units and substituting in the values of the
universal constants, we obtain

T, = 22.908+108 %3- °K. (14)

Physicists more commonly measure the tempera-
ture in energy units. A suitable temperature unit
for the central zone of stars is the kilo~electron
volt (kev). In these units

T, = 1.98*;‘—?}’;" kev. (15)

If the thermodynamic state of the matter varies
smoothly with the distance from the center of the
star (we shall call such stars homogeneous ), we
may naturally expect that the structural factor 7
must be a number of the order of unity. Its exact
value may be found by numerical integration of the
equation of equilibrium of the star. Here it turns
out that for stars similar in their internal struc-
ture to our sun, the factor 7 is very near to unity.
Hence, for a rough estimate of the central temper-
ature of homogeneous stars, one may use formula
(14) or (15), taking 1 = 1. Then the central tem-
perature depends only on the mass-radius ratio
of the star, and on the average molecular weight
of the stellar matter.

At the temperatures of interest to us here,
matter is of course completely ionized. The av-
erage molecular weight then is equal to the num-
ber of atomic weight units per particle (including
both nuclei and electrons). The values are the
following:

for hydrogen, p=1/,,
for helium, p=1%,,
for all heavier elements, pa2.

Thus, if we consider the sun to consist of pure
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hydrogen, its central temperature will be near 1
kev; if it consists of helium, its temperature will
be about 3 kev, and for the heavier elements, about
4 kev. We may consider it firmly established at
present that the sun and the homogeneous main-
sequence stars similar to it consist basically of
hydrogen and helium. The mass radius ratio of
such stars varies within rather narrow limits.
Hence their central temperatures must lie within

1 or 2 kev. The imgpurity of heavy atoms may have
a considerable influence on the radiative heat con-
ductivity, but has practically no effect on the aver-
age molecular weight. Thus, the estimate of the
central temperature from the condition of hydro-
static equilibrium is quite reliable.

Temperatures of this order of magnitude are
sufficient for the occurrence of nuclear reactions
of hydrogen leading to its transformation into
helium, and serving as the energy source of the
stars. However, they are not at all sufficient for
the reactions of synthesis of the heavy nuclei,
which require the surmounting of high potential
barriers. This conclusion, drawn twenty years
ago in Bethe’s study,’ remains in full force today.
Hence, as long as all stars are considered to be
homogeneous, the formation of elements within
them is impossible. Hence, theories have arisen
which relate the formation of the elements to a
hypothetical prestellar stage in the development
of matter.

THE THEORIES OF THE PRESTELLAR FORMA -
TION OF THE ELEMENTS

In so far as we have no factual data on the pre-
stellar state of matter, we may make any assump-
tions we please about it. Hence the prestellar the-
ories, which were in great vogue until recently, had
the possibility of admitting any hypothetical condi-
tions whatever in order to explain the observed
abundance curve.

The theories of the prestellar formation of
elements are divided into two groups: the theories
of thermodynamic equilibrium and the theories of
capture of primordial neutrons.

The thermodynamic theory of the origin of the
elements was the only possible theory as long as
no detailed mechanism of nuclear reactions was
known. It is sufficient to assume that in the proc-
ess of synthesis of nuclei, the temperatures and
densities were so high that the direct and reverse
reactions proceeded rapidly enough that thermody-
namic equilibrium could be attained within the time
during which this state endured. If this condition
is satisfied, the composition of the equilibrium
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mixture does not depend on the reaction rates, but
is determined by the binding energies and the sta-
tistical weights of the nuclei being formed.

If a nucleus consists of Z protons and N neu-
trons, then by the laws of statistical thermodynam-
ics its equilibrium concentration npye is found to
be

E

2. N Pnuc 37
nnucznpn’N o2 ‘I)N_ ehT! (16)
pN

where np and nN are the concentrations of free
protons and neutrons, E is the binding energy of
the nucleus, and ¢ are the partition functions of
the particles:

Ei 2
- 2 MET) */2
b — E:gie .Rng( . ,
- I3
1

a7)
where g is the statistical weight, which is equal

in the simplest case to 2I+1, where 1 is the total
angular momentum (nuclear spin). At low tempera-
tures (kT « E), the exponential factor is so great
that at equilibrium, only the nucleus with the great-
est binding energy can remain. To obtain all the
nuclei in appreciable concentrations, it is neces-
sary that the temperature be no lower than an order
of magnitude smaller than the binding energy of the
neutron in the nucleus. Thus the equilibrium theory
of the formation of the elements requires tempera-
tures of the order of tenths of one Mev, that is, in
ordinary units, of the order of billions of degrees
Kelvin.

This theory began thirty years ago with the
study of the Soviet scientist G. I. Pokrovskii.® It
was developed further by a number of authors, es-
pecially Klein and his associates®1? and Hoyle.!!

A summarized presentation of the theory may be
found in a series of reviews.!?”14 Since there are
no reliable data on the existence of the required
temperatures in the heavenly bodies surrounding
us, the problem of the theory was to select arbi-
trary physical conditions at which the composition
of the equilibrium mixture would approximate the
observed composition of cosmic matter. Here the
question remains vague as to how the equilibrium
attained at high temperatures is to be frozen. On
this equilibrium, there are only some rough quali-
tative estimates.

Even in his first paper, Pokrovskii® came to the
conclusion that one cannot select values of the tem-
perature and density such that the observed abun-
dances of all the elements will all fit one equilib-
rium curve. This conclusion is still valid today.

The further development of the equilibrium
theory consisted in representing the observed
abundances as the result of the superimposition
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of a series of equilibrium processes proceeding
under differing physical conditions. Thus, hypo-
thetical bodies have been constructed!? with tem-
perature and density distributions such that the
integration of the composition of the equilibrium
mixture over this distribution gives a result ap-
proximating the observed abundance curve. It is
difficult to discuss such models since they are not
connected with any observed facts. Extreme phys-
ical conditions figure in them: temperatures up to
7 x 10° deg K and densities up to 107 g/em®. There
are no known factual data at present which would
indicate the possibility of the actual realization of
such conditions.

Recently in the papers of Hoyle,11 the equilibrium
theory has acquired a more realistic character, inthat
it poses as its problem the explanation, not of the en-
tire abundance curve, but only of a small regionof it
near the ironmaximum. Here, the rpocessof estab-
lishment of equilibrium is not referred to a hypothet-
ical prestellar state of matter but to the actually-ob-
served explosions of supernovas. These conceptions
have entered as aconstituent part of the contemporary
scheme of the elements, to which we shall refer below.

As a general scheme, the equilibrium theory
had the defect that it had no connection with the
other branches of science concerning the universe.
More attention has been paid to another theory,
which has attempted to connect the problem of the
origin of the elements with general cosmology.
This is the theory of the capture of primordial
neutrons, which is based on the observations of
the red shift in the spectra of the extra-galactic
nebulae and on the associated theory of the “ex-
panding universe.”

In the theory of primordial neutrons, it is as-
sumed that the prestellar state of matter was a
neutron state with a very high density. At such a
density, the gravitational energy causes the neu-
tron state to be energetically favorable, i.e., stable.
Owing to the relativistic expansion of space, the
density decreased, and the neutrons became un-
stable with regard to the B8 decay that transformed
them into protons. The protons which were formed
captured neutrons with the formation of deuterium,
and thus began a chain of successive processes of
v capture and B decay, which must lead to the
formation of all the nuclei up to the heaviest, ac-
cording to this theory. Neutron capture does not
require the surmounting of a potential barrier, so
that this theory does not show any rigid tempera-
ture requirements. However, it has a very rigid
time scale, which is fixed by the half-life of the
free neutron, which amounts to only 11.7 minutes.!®
Consequently, according to the theory of primordial
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neutrons, all of the elements which have existed for
billions of years must have been formed during a
period of the order of fifteen minutes. After this
time had elapsed, none of the primordial neutrons
could have remained, and the process of synthesis
of nuclei must have ceased.

It is not surprising that a theory involving such
spectacular and paradoxical conceptions has made
a strong impression and has been pleasing to many.
It has even been used as a proof of the correctness
of the cosmological conception of the expanding
universe. It is understandable that this theory has
been pleasing to people of a religious frame of
mind, since it is easily associated with religious
concepts. As an example, we may give an inter-
esting reference from a message of the late Pope
Pius XII to the Papal Academy of Sciences in the
Vatican, November 21, 1951:

“Approximately from one to ten billion years
ago, the matter of all the stellar systems which we
know was compressed into a small space. At that
time, all cosmic processes had their origin. The
density, pressure, and temperature of matter must
have attained then quite colossal values. Only un-
der these conditions can we explain the formation
of the heavy nuclei and their content in the peri-
odic system of elements.”

The fact alone that some scientific theory may
be used as a medium for religious propaganda
must not prejudice our relation to it. A scientific
theory must be subjected to objective scientific
verification by comparison with observed facts.

In the present case, as we shall now see, the theory
of primordial neutrons did not pass such a test.

THE TEST OF THE THEORY OF NEUTRON CAP-
TURE

In order to decide on the acceptability of the
theory of primordial neutrons, it is necessary to
find out how well it agrees with the observed abun-
dances of the elements, on the one hand, and with
the data of nuclear physics, on the other hand. The
result is satisfactory in the first regard, but not in
the second. We shall consider what relations the
abundances of the elements must satisfy if they are
the result of neutron capture. The concentration
ny of the nucleus with mass number A in the
neutron-capture process varies according to the
law

dﬂA

.t 18)

=npU(cA_1Ra—1 —0aN4),
where ny is the concentration of neutrons, v is

their mean velocity, and o is the neutron-capture
cross-section of the nucleus with the mass number
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given by the subscript of ¢. If the neutron concen-
tration and the time are sufficient, the process
must lead to a steady state, for which

dry A,
=0 (19)
consequently,
ng ___GA—
Ra~ os 20)

Thus, in the steady state, the concentrations of the
nuclei must be inversely proportional to their neu-
tron-capture cross-sections.

This conclusion agrees in general quite well with
the abundance curve. There is no complete quanti-
tative agreement, but one may always argue that
the quantity of neutrons might not have been suffi-
cient to establish a steady state. The fact is of
importance that many of the qualitative features
of the abundance curve are most simply explained
by the rule that the abundance of nuclei decreases
as their neutron-capture cross-sections increase.
Above all, this relates to such fundamental facts as
the increased abundance of nuclei with even mass
numbers and the maxima at the magic numbers.

In fact, it is known from neutron physics that nu-
clei with even mass numbers and especially those
with filled neutron shells are distinguished by
small neutron-capture cross-sections.

Hence it is very likely that most of the nuclei
with medium or large mass numbers were formed
by neutron capture. However, this does not mean
that all the nuclei, including the light ones, were
formed in this way, or that the original matter was
made of primordial neutrons. On the contrary, a
careful study of the problem from the viewpoint of
nuclear physics leads to the conclusion that the
process of neutron capture cannot begin with the
lightest nuclei.

The reason why the theory of capture of primor-
dial neutrons has turned out to be completely use-
less is the fundamental fact that there are no stable
nuclei of mass numbers 5 and 8. In the process of
synthesis of nuclei by neutron capture, all mass
numbers must be obtained in succession. This pro-
cess cannot bypass a single mass number. In par-
ticular, the nuclei He® and Be® would have to be
necessary steps. However, the lifetime of Bed is
no greater than 10 'Ysec, while it has not been
possible to observe the bound states of the nucleus
He® at all. Thus, it has not been possible to get
through these two “bottlenecks” of the theory of
primordial neutrons.

Thus the facts state that the process of neutron
capture must play an important role in the synthe-
sis of the medium and heavy nuclei, but is ruled
out for the light nuclei, in any case for those with
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FIG. 2. Diagram of our galaxy.

A < 9. As long as it was thought that nuclei heav-
ier than helium are not formed in the interiors of
stars, one had to conclude that the theory of the
origin of the elements was at an impasse. The way
out was shown by the development of astrophysics,
the study of the characteristics of particular types
of stars.

HETEROGENEOUS STARS

Until recently, astrophysicists classified stars
by their purely external characteristics, fundamen-
tally by their color, that is, their surface tempera-
tures. The so-called spectral classification of
stars is actually not a classification of stars, but
of stellar atmospheres.

Only in the last fifteen years have the essential
differences in the internal properties of stars been
elucidated. The key to their elucidation was the
study of the structure and properties of stellar sys-
tems, the most important of which are the galaxies.
In Fig. 2 is shown a diagram of our galaxy, which
contains about 100 billion stars. One can see dis-
tinctly from the diagram that the galaxy consists
of two parts, a flat disk and a sphere, which have
a common center and partially interpenetrate. One
of the most important achievements of observa-
tional astrophysics in the last fifteen years has
been the elucidation of the fundamental distinction
in internal properties between the stars of the flat
and the spherical components.

The first indication of this distinction was ob-
tained in 1942 by Baade,!® who systematically photo-
graphed various regions of the galaxy on film sen-
sitized to red light. It turned out that on ordinary
film the flat component appears brighter, but on
red-sensitive film the spherical component is
brighter. Later, the differences in properties of
the stars of the flat and spherical components were
studied in detail. An especially extensive study in
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this field has been carried out by the Soviet astron-
omer B. V. Kukarkin.!" Without going into detail,
we note that in the flat component the majority of
the most brilliant stars are white, while in the
spherical component, they are red. Herein lies

the differences in total brilliance between the dif-
ferent spectral ranges, since this brilliance is de-
termined by the brightest stars. It is obvious that
the disk and sphere consist of stars with different
internal properties. In our literature they are thus
designated as the stars of the flat and the spherical
components. In the foreign literature, these two
groups of stars are commonly called “populations;”
the flat group is called the “disk,” while the spheri-
cal group is designated by the sonorous name of
“halo.” Sometimes the flat component is called
“population 1,” while the spherical component is
called “population II.” These designations are, as
we shall see, very unfortunate, since the spherical
component consists of the stars of the first genera-
tion, while the flat component consists of the sec-
ond generation. The passion for classification
which is inherent to astrophysicists has impelled
them in recent years to distinguish even some in-
termediate “populations,” so that now five “popula-
tions” may be counted. For our purposes, such
fractional subdivisions are not necessary, as they
only obscure the heart of the matter. Of impor-
tance to us is only the fundamental distiction be-
tween the stars of the flat and spherical compo-
nents.

In order to understand the inner meaning of this
distinction, we must use the favorite method of as-
trophysics of constructing a diagram of the states
of stars. The most important of these is the color-
luminosity diagram, or as it is otherwise called,
the Hertzsprung-Russell diagram. On this diagram,
the so-called absolute stellar magnitudes are plot-
ted along the vertical axis. These quantities are
proportional to the logarithm of the luminosity,
i.e., the amount of energy emitted by the star. On
the horizontal axis is plotted the color index which
characterizes the color of the star, and hence, the
temperature of its surface (but not at all its cen-
tral temperature). The higher a star lies on the
diagram, the brighter it is; the further to the right,
the redder it is. However, since the redder the
star the lower its surface temperature and the less
energy it emits per unit of surface, then, for a given
luminosity, the further a star lies to the right on
the diagram, the larger its radius must be. This
does not mean that the radius of a star has a sim-
ple relation to its color, of course; the lines of
constant radius on the diagram are by no means
vertical straight lines. The relation between the
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luminosity & of the star, the radius %R, and the
effective surface temperature Te has the form

Q =4ncRiTs, (21)

where ¢ is the Stefan-Boltzmann constant. Hence
for a constant radius, the temperature Tg is pro-
portional to the fourth root of the luminosity. The
surface temperature Tg is simply related to the
color, so that the farther to the right a star lies on
the color-luminosity diagram, the lower the temper-
ature Tg is. Thus, at a constant radius, the
brighter a star is, the whiter it is, but this relation
is so weak that the lines of constant radius do not
differ much from vertical straight lines.

In Fig. 3 is shown the classical color-luminos-
ity diagram for the stars near to us, which, like our
sun, belong to the flat component of the galaxy. On
this diagram the fundamental line of concentration
of stars is clearly visible, passing from the upper
left to the lower right corner. This is the co-called
main sequence, to which the fundamental mass of
stars of the flat component belong. The points cor-
responding to the brightest stars of the main se-
quence lie in the upper left-hand corner, that is,
in the region of white and blue colors. It is just
for this reason that the flat component is seen most
brightly on ordinary plates, which are sensitive to
white and blue light. To the right above the main
sequence, there is the branch of the red giants, but
the number of these in the flat component is much
smaller than the number of white and blue giants

—To T T T T
o
#, ooy .o
o
“f)-ooo -
88 o o °
o0
o
8 °
[
o ‘o
gL 10 ° -

+5L

+/17 -

ko : : 1
1 1 A1 b3 1l i L L
5 A4 F 5 K M

FIG. 3. Classical spectrum-luminosity diagram for the flat
component of the galaxy.
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and bright stars of the main sequence.

Until recently, the diagram of the type of Fig. 3
was the only known form of the color-luminosity
diagram. However, after the distinction between
the stars of the flat and spherical components had
been elucidated, the question arose of the form of
the spectrum-luminosity diagram for stars of the
spherical component. It has been possible to con-
struct such diagrams only in recent years. The
difficulty here is that the stars of the spherical
component are scattered in our field of view among
the stars of the flat component. True, it is possible
to distinguish them by their kinematic characteris-
tics, i.e., by their velocities of motion. The flat
component of the galaxy rotates about its axis, or
more exactly, the stars of the flat component re-
volve about the center of gravity of the disk in
Kepler orbits. The stars of the spherical compo-
nent do not participate in this rotation; hence, we
and our sun fly past them, whereas from our point
of view they move with high velocities (sometimes
they are called “runaway stars”). Very recently,
the Soviet astronomer P. P. Parena.go18 was able
to distinguish the stars of the spherical component
from the background of stars surrounding us on
the basis of these kinematic data and to construct
the color-luminosity diagram for these stars. How-
ever, this had been done much more simply and
easily somewhat earlier with the aid of a natural
“homogeneous sample” of stars. This sample not
only belongs entirely to the spherical component,
but all the stars are of the same age. Such a homo-
geneous sample is the globular cluster. There are
many globular clusters in the galaxy. Each con-
tains on the average about 100,000 stars. They all
belong to the spherical component. Each globular
cluster seems to be a miniature copy of the whole
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spherical component, which it resembles both in
form and in spatial distribution of stars, as char-
acterized by a notable concentration toward the
center (the stars of the flat component are con-
centrated toward the plane of the disk). The glob-
ular clusters themselves are also distributed in
space in an approximately spherically-symmetrical
fashion; many of them are scattered at rather great
distances from the galactic center, beyond the

main bulk of stars. There is no doubt that the
stars of the globular clusters are not distinguished .
in their internal properties from the stars of the
spherical component; this is confirmed also by the
presence here and there of characteristic short-
period variable stars of the cepheid type (the so-
called RR Lyrae type variables, which are called
in the American literature “globular-cluster type
variables”).

A typical form of the spectrum-luminosity dia-
gram for the stars of the spherical component is
the beautiful diagram constructed by Sandage!® for
the globular cluster M3, which we have reproduced
in Fig. 4. As can be seen by comparison of Figs. 3
and 4, this diagram is sharply distinguished from
the diagram for the flat component. The main se-
quence is almost absent in the spherical component.
Only a small “tail” of it remains in the red region,
which is called the sequence of subdwarfs. There
are no bright white and blue stars in the spherical
component. On the other hand, a sequence of red
giants is clearly shown, and a new horizontal branch
of yellow giants has appeared. It is natural that the
spherical component is redder on the average, and
hence it is more brightly visible on red-sensitive
plates. The thought arises that the points which in
the flat component correspond to the white and blue
giants and the bright stars of the main sequence
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have been shifted to the right, and the stars which
correspond to them have been made into red and
yellow giants. When the evolution of the stars has
been examined theoretically,!®»? it turns out that
this idea completely corresponds to reality.

The determining factor in the evolution of stars
is the combustion of the hydrogen in the central
zone., Nuclear reactions of the proton and carbon
cycles, which serve as the energy sources of the
_ stars, lead to the transformation of hydrogen into
helium. The rate of these reactions increases ex-
ponentially with the temperature, and hence the
combustion of hydrogen occurs largely at the cen-
ter of the star, where the temperature is highest.
Around the center of the star is formed a burned-
out core consisting of helium. The nuclear reac-
tions generating energy proceed thereafter in a
thin shell at the surface of the core; there is no
nuclear fuel (hydrogen) at deeper levels, while
nearer the surface the temperature is too low. At
this stage of evolution, the star is described by a
model with a shell source of energy. After a
burned-out core has been formed inside the star,
the properties of the matter may no longer be con-
sidered as varying smoothly over the volume of
the star. At the boundary of the core, a sharp
change in chemical composition from helium to
almost pure hydrogen occurs. Further burning
of hydrogen leads to a movement of this boundary
toward the periphery of the star, the core and the
envelope remaining almost constant in composi-
tion. In distinction from homogeneous stars, we
shall designate such stars with inhomogeneous in-
ternal structures as heterogenous stars.

The estimate of the central temperature given
above is not applicable to heterogeneous stars.
Detailed calculations of the course of the evolu-
tionary process by means of electronic comput-
ers2:2! ghow that in the course of further evolu-
tion, the core must contract, and the envelope must
expand. The radius of the star becomes so large
that the surface temperature Tg falls according
to formula (21). That is, the star becomes a red
giant. At the same time, in the burned-out core
high densities and temperatures are attained,
which are much higher than in homogeneous stars.
At this stage the core of the star is degenerate
and isothermal.

When the temperature in the helium core of the
star rises to about 15 kev, thermonuclear reactions

of helium become possible. These reactions become

the energy source within the core, which ceases to
be isothermal. This moment in the evolutionary
process corresponds to the uppermost point on
the vertical branch of the red giants on the color-
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luminosity diagram. After this, the structure of
the star abruptly changes again, since electronic
degeneracy sets in in the core. The further course
of evolution has not been precisely calculated yet,
but is is assumed that on the spectrum-luminosity
diagram, the star must pass over onto the hori-
zontal branch of yellow giants. The thermonuclear
reactions of helium which take place in the burned-
out core of the star at this stage of its evolution
play a fundamental role in the modern theory of

the origin of the elements. We shall now consider
these reactions.

HELIUM REACTIONS

At temperatures about 15 kev and sufficiently
high densities, the reaction between three o -
particles (helium nuclei) to form a nucleus of
the fundamental carbon isotope C!? becomes pos-
sible. This reaction makes it possible to bypass
the bottlenecks of the theory of the origin of the
elements — the nuclei with mass numbers five

“and eight. After this reaction may follow the re-

maining reactions of the helium cycle, which give

the nuclei of oxygen 0! and neon Ne?®. The rates
of these reactions have been calculated by a num-
ber of authors.22-%4

The formation of C!2? takes place by means of
the intermediate nucleus Bed. As we saw above,
the lifetime of this nucleus is infinitesimal, not
longer than 10717 sec. However, at temperatures
of the order of 15 kev, this nucleus occurs in small
but appreciable concentrations in thermodynamic
equilibrium with helium. Under conditions of ther-
modynamic equilibrium, the rate of decay is not
essential.

The small equilibrium concentration of Be®
appears to be sufficient for the reaction of ct?
production, since the energy of the system Be®
+ @ is 7.374 Mev higher than the energy of the
ground state of C!%, That is, it is very near to
the energy of the second excited level of C!? at
7.65 Mev. Thus, the reaction of formation of C!2
has a resonance character. The transition of the
excited C!? nucleus to the ground state takes place
by emission of two 7y quanta by way of the inter-
mediate level of energy 4.43 Mev.

The possibility of occurrence of the reaction
3 He* — C!%, which had been previously predicted
from theory, has more recently been confirmed
experimentally.?® The reverse process, the decay
of an excited C1? nucleus into three « particles,
has been observed experimentally, the excited ct2
being obtained by the decay of the short-lived radio-
active nucleus B!%2, According to the principle of
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detailed balancing, the probabilities of the direct
and reverse processes are identical; the observa-
tion of one of them is a proof of the possibility of
the other.

SOURCES OF NEUTRONS IN STARS

The helium reactions in the burned-out cores
of heterogeneous stars make possible the by-pass-
ing of the roadblocks in the processes of formation
of the light nuclei. If we assume that the products
of the helium reactions may come into contact with
hydrogen, then the formation of all the light nuclei
may be explained by thermonuclear reactions. The
nuclei obtained may serve as the source material
for the formation of all the heavy nuclei by the
process of neutron capture. However, this proc-
ess cannot now take place by means of primordial
neutrons. Even if matter had originally occurred
in a neutron state, all of the primordial neutrons
would have long since decayed by the time required
for the occurrence of the helium reactions. By the
time when nuclei able to capture neutrons had accu-
mulated, nothing could have remained of the primor-
dial neutrons.

Thus the question of the primordial neutron
state of matter loses any connection with the
theory of the origin of the elements, and com-
pletely passes over into the field of general cos-
mology. Even if matter had ever existed in a
neutron state, these primordial neutrons could
have played no role in the processes of formation
of elements heavier than helium.

On the other hand, as we saw above, a number
of characteristic peculiarities of the abundance
curve may be well explained by the theory of neu-
tron capture. It is difficult to reject the concep-
tion that neutron capture plays an essential role
in the processes of synthesis of atomic nuclei.
However, these neutrons cannot be primordial.
The further development of the theory of the ori-
gin of the elements was made possible only after
possible pathways had been shown for the genera-
tion of free neutrons in thermonuclear reactions
in the interiors of stars.26:27

The role of such neutron sources in stars may
be played by exothermic (a,n) reactions of nuclei
with mass numbers 4n+1.

The stablest light nuclei are constructed sym-
metrically of an even number of protons and the
same number of neutrons. These are He?, C12,
O, Ne?®, Mmg¥, si®, s%2, Ca®®. These nuclei
may be considered as consisting of whole numbers
of o particles (helium nueclei). If a single extra
neutron is added to such a stable symmetrical sys-
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tem, its binding energy turns out to be anomalously
low. Such an extra neutron is easily split off, es-
pecially if it is replaced by an « particle,

Let us consider for example the carbon isotope
C!3. This nucleus may be represented as a sym-
metrical system of three « particles plus one
weakly-bound extra neutron. It is energetically
favorable for the C!¥ nucleus to combine with a
fourth o particle and split off the neutron. This
reaction is

C¥ 4+ Het=01¢ 4n

and is an example of an exothermic (a,n) reac-
tion. We note that a similar reaction,

Be? -+ He? =C1 -,

has led to the discovery of the neutron, and is
used in the still widely used radium-beryllium
neutron sources.

If the products of helium reactions, c? and
Ne? come into contact with hydrogen at tempera-
tures of the order of several kev, they may cap-
ture protons, giving respectively N'3and Na?l,
The latter nuclei are B -radioactive, and on emit-
ting positrons are transformed into the stable
nuclei C13 and Nem, which may serve as neutron
sources by way of exothermic (a@,n) reactions.
The neutrons which are obtained may be captured
by the same products of helium reactions, leading
to the sequence of processes of (n,7y) capture and
B decay which we have already discussed above.
All these reactions do not require temperatures
above 15 kev. Thus, thermonuclear reactions in
the burned-out cores of heterogeneous stars may
provide everything necessary for the synthesis of
the heavy nuclei.

It has not yet been established exactly whether
these neutron sources are quantitatively sufficient
for synthesis of the observed amounts of the heavy
nuclei. The theory of thermonuclear neutron
sources in stars encounters certain difficulties.
Thus, on contact of carbon with hydrogen, the en-
tire chain of the carbon cycle must take place. In
this cycle the nucleus N, in particular, takes
part. As everyone who has had anything to do with
neutron physics knows, this nucleus actively cap-
tures neutrons by an (n,p) reaction, giving the
radioactive carbon isotope C!4. The presence of
N “poisons” the neutron source using the nucleus
C13. This difficulty may be avoided if we ascribe
neutron generation to reactions of the nucleus Ne?!,
but these reactions have their own difficulties.

As we shall see below, neutrons may even be
formed, not in the cores, but in the atmospheres
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FIG. 5. A portion of the diagram of atomic nuclei.

of stars by means of processes of athermal accel-
eration, but these processes have not been calcu-
lated quantitatively. In any case, it may no longer
be doubted that processes of formation of the heavy
nuclei are continuing even at present. A direct
proof of this is the discovery in the spectra of cer-
tain stars of the lines of the unstable element
technetium.?® None of the isotopes of this element
have half-lives greater than the order of 10° years,
nor are they formed by natural radioactive decay.
The formation of an element with such a large
atomic number as technetium can hardly be ex-
plained by any process other than neutron capture.
The presence of this element in the atmospheres
of stars may be considered as a direct proof of

the existence in stars of continuously-active neu-
tron sources.

SLOW AND RAPID PROCESSES OF NEUTRON
CAPTURE

Let us consider in more detail how the forma-
tion of the elements proceeds by neutron capture.
In Fig. 5 is shown a part of the diagram of atomic
nuclei, The atomic number is plotted along the
vertical axis, and the mass number along the hori-
zontal axis. Neutron capture is shown on this dia-
gram by a horizontal shift to the right, and B
decay by a vertical shift, downward when an elec-
tron is emitted, and upward for a positron.

If a stable isotope is obtained upon neutron cap-

ture, it captures the next neutron and gives the
next isotope of the same element. If a B -active

- isotope is obtained, it emits an electron to give

the next element in atomic number, provided that
the isotope has not captured another neutron be-
fore B decay takes place. The course of the
process of synthesis of nuclei by neutron capture
depends on the ratio of the times of neutron cap-
ture and B decay. If the time between two suc-
cessive neutron captures is large in comparison
with the time for B decay, then the slow process
of neutron capture will take place. The pathway

of this process is shown in the diagram in Fig. 5
by the solid broken line. As a rule, on this path-
way are distributed the stablest and most abundant
isotopes. Hence there is every basis for consider-
ing the slow process of neutron capture to be the
fundamental process of formation of the elements
of medium and high atomic weight.

Above the pathway of slow neutron capture lie
the nuclei having an excess of neutrons. Such a
nucleus may be formed by neutron capture only
if the preceding B -active isotope is able to cap-
ture a neutron before it undergoes B decay.
Hence, in order to form nuclei with an excess of
neutrons, a rapid process of neutron capture is
required. A rapid process is understood to mean
one in which the time between two successive neu-
tron captures is small in comparison with the time
for pB-decay.

The slow process of neutron capture may take
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place in stationary stars. In particular, the ther-
monuclear reactions in the burned-out cores of
stars which were discussed above must lead to
precisely the slow process of neutron capture,
since the duration of the corresponding stage in
the evolution of stars is measured in tens of mil-
lions of years.

Completely different conditions are necessary
for the rapid process: high concentration of neu-
trons during a short time interval. One might ex-
pect to find these conditions during powerful stellar
explosions, the so-called outbursts of supernovas.
A quantitative theory of stellar explosions has not
yet been developed. Hypotheses have been advanced
that the same sort of thermonuclear reactions oc-
curs in the explosions as in the stationary proc-
esses discussed above, but at the higher tempera-
ture of the explosion, these reactions are completed
much more rapidly. However, at the present state
of the problem, conceptions about the formation of
elements in stellar explosions have the character
of hypotheses, rather than of quantitatively devel-
oped theories.

Recently this hypothesis was unexpectedly cor-
roborated by observations on the outbursts of super-
novas. It was found that in certain cases the lumi-
nosity of the star after the outburst decayed over a
long period of time according to an exponential law,
decreasing by half in 55 days. The precision with
which this law is obeyed is illustrated by Fig. 6,
where the time in days after the moment of out-
burst is plotted horizontally, and the vertical co-
ordinate is proportional to the logarithm of the
luminosity.

Observations of this sort have been known for a
long time, and ideas have long since been expressed
that the exponential law may be most naturally in-
terpreted as a law of radioactive decay. Then, we
must search for a radioactive substance with a
half-life of 55 days to serve as the energy source.
It was even proposed? to consider the radioactive
beryllium isotope Be' to be such a substance. This
suggestion clearly did not stand criticism, since
this nucleus decays by electron capture. On the
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one hand, it liberates a completely insufficient
amount of energy, and on the other hand, its half-
life is 55 days only when the electron is captured
from the K shell. In ionized matter the decay
period would be much longer. Hence the discovery
of the transuranium element californium aroused
great interest, as the the isotope Cf?** decays by
spontaneous fission with a half-life just equal to

55 days.

Thus the hypothesis®® has been advanced that
the rapid neutron-capture process occurs in the
outbursts of supernovas, and leads to the forma-
tion of all the atomic nuclei up to the heaviest and
most radioactive. It is assumed that the process
is terminated by the accumulation of large amounts
of californium, whose spontaneous fission is then
the energy source of the star during the period
immediately following the outburst. A convincing
proof of the existence of the rapid neutron-capture
process lies in certain details of the abundance
curve, namely the fine structure of the maxima
at the magic numbers. At each magic number,
as may be seen in Fig. 1, are two maxima close
together. At one of these is a nucleus having a
filled neutron shell, and at the other is the nucleus
obtained by B decay of a nucleus having a maxi-
mum excess of neutrons and a filled neutron shell.
The first corresponds to the slow process, and the
second to the rapid process of neutron capture. It
was suggested to ascribe the weakly-marked
smeared-out maximum at A = 160 to fragments
from spontaneous fission, but this may not be con-
sidered at all as sufficiently substantiated.

We shall now discuss what is meant by a nucleus
with the maximum excess of neutrons.

NUCLEI WITH MAXIMUM NEUTRON EXCESS

The rapid neutron-capture process must lead
to unstable nuclei, highly overloaded with neutrons.
We can discuss the properties of these nuclei only
theoretically, since it is impossible to observe
them under the experimental conditions available
to us.

74

70

20

FIG. 6. Logarithm of the luminosity of a supernova 140

as a function of the time. 150

180
200

100 200 Joo 407 500 509



614

Neutron capture must terminate for a given
atomic number Z withthe nucleus having the maxi-
mum possible excess of neutrons under the given
conditions. In the limiting case of very rapid neu-
tron capture with absence of decay processes, this
will be a nucleus which is completely incapable of
capturing an extra neutron, since the binding energy
of the next neutron would be zero. This is the abso-
lute maximum neutron excess. The absolute maxi-
mum ordinarily corresponds to a filled neutron
shell or subshell, since the binding energy of the
next neutron drops abruptly when such a shell is
filled. The absolute maxima of neutron excess in
nuclei have been calculated by P. E. Nemirovskii3!
by means of an optical model of the nucleus. Ac-
cording to his results, one of the absolute maxima
corresponds to the mass number 56.

Under actual conditions, the process of neutron
capture must terminate before the point at which
the binding energy of the next neutron becomes
zero. In nuclei highly overloaded with neutrons,
the time for B decay decreases, and for any given
final concentration of neutrons will finally become
less than the time between two successive neutron
captures. Besides, if the rapid neutron-capture
process takes place under the conditions of stellar
explosions, then the reverse reactions, the photo-
nuclear (v, n) reactions, which lead to the ejec-
tion of neutrons at the high temperature must
take place. Because of these processes, the ac-
tually attainable maximum neutron excess may be
less than the absolute maximum.

After the nucleus with maximum neutron excess
has been obtained by neutron capture, it must un-
dergo one or several B decay processes to give
elements of higher atomic number before the neu-
tron-capture process can continue. Under condi-
tions of rapid capture, the times for 8 decay are
large in comparison with the time for capture.
Hence, during the time for B8 decay, the preceding
nuclei are able to capture many neutrons, and a
large number of the nuclei with maximum neutron
excess are formed. These nuclei will subsequently
give stable nuclei of the same mass number by way
of multiple B decay processes.

In this way the second maxima near the magic
numbers on the abundance curve may be explained.
Nemirovskii3! suggests that the iron maximum may
be explained in the same way.

THE THERMONUCLEAR THEORY OF THE FOR-
MATION OF THE ELEMENTS

On the basis of the processes discussed above,
a group of English and American research work-
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ers3? and the Canadian physicist Cameron® have
developed a theory of the formation of the chemi-
cal elements by thermonuclear reactions in the in-
teriors of stars. In this theory, the original mat-
ter is considered to be hydrogen, i.e., the original
nuclei are protons. If the original particles of mat-
ter were neutrons, they would have transformed
into protons by B decay before the fundamental
processes of formation of the elements could have
begun.

The primordial hydrogen formed stars of the
first generation, such as we observe in the spheri-
cal component of the galaxy, as a result of conden-
sation due to the force of gravity. From the point
of view of the proposed theory, these stars must be
considered as being made of hydrogen and helium.
And in fact, the content of heavy elements within
them is several times smaller than in the stars of
the flat component.

In homogeneous stars, the transformation of hy-
drogen into helium occurs alone (the H -process).
In the burned-out cores of heterogeneous stars
(yellow or red giants), helium reactions take place
to give nuclei with mass numbers A =4n (the o -
process). It is assumed that convective instability
arises at a certain stage in the evolution of stars,
and leads to the mixing of the core with the enve-
lope. Then the products of the helium reactions
come into contact with hydrogen, and the nuclei
with mass numbers A =4n + 1 are formed. These
are C!3 and Ne?!, which generate free neutrons in
exothermic (a, n) reactions. These neutrons
form the heavy elements by way of the slow neu-
tron-capture process (the s -process), which
takes place under steady-state conditions in the
degenerate cores of the stars. The evolution of a
star is terminated by explosion (the outburst of a
supernova). During the explosion a high neutron
concentration appears, and the rapid neutron-cap-
ture process (r -process) takes place, leading to
the synthesis of nuclei overloaded with neutrons
and radioactive nuclei up to californium Cf%*, The
spontaneous fission of the latter serves as the en-
ergy source of the star in the period immediately
after the explosion. The products of the explosion
are scattered in space in the form of interstellar
gas and dust. When these condense, second-genera-
tion stars, such as we observe in the flat compo-
nent of the galaxy, are formed. Actually, the bulk
of the gas and dust is associated with the flat com~-
ponent. In the stars of the flat component, the
products of the previous reactions are mixed with
hydrogen. Hence, the same reactions which took
place upon mixing of the burned-out cores of stars
with the envelopes occur also in these stars on a
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larger scale. The remnant after the explosion re-
mains in the form of a white dwarf.

Thus a plausible general,scheme of the origin
of the elements is obtained, and some of the above-
mentioned facts are explained: the inverse propor-
tionality between the abundances of many nuclei
and their neutron-capture cross-sections, the max-
ima at the magic numbers, etc.

A number of peculiarities of the abundance curve
which do not arise directly from the general scheme
must be given special consideration. Among these
are the scandium gap, the iron maximum, the by-
passed nuclei, and a group of light nuclei which re-
act readily with hydrogen: deuterium, lithium, beryl-
lium, and boron. Burbridge et al.3 have introduced
special processes to explain these peculiarities (ex~
cept for the scandium gap). These processes,
which are not at all clear theoretically, are: the
“e -process” for the iron maximum, the “p -pro-
cess” for the by-passed nuclei, the “X -process”
for the light nuclei D, Li, Be, and B. From our
point of view, these problems are not yet definitely
settled. We shall briefly discuss below the possi-
ble ways to solve them.

SCANDIUM, THE COSMOCHEMICAL THERMOME-
TER

The abrupt decline in the abundance curve from
calcium to scandium has not been given sufficient
attention in the literature. If we explain the forma-
tion of the elements in this region of the curve by
thermonuclear reactions or by the rapid neutron-
capture process, there is then no reasonable ex-
planation for the low abundance of scandium.

In the slow neutron-capture process, the pre-
cursor of scandium is the doubly-magic nucleus
Ca‘o, whose neutron-capture cross-section must
be small. However, to explain the very low abun-
dance of scandium, it is also necessary that its
capture cross-section be quite large. The only
property of the scandium nucleus which might be
adduced in explanation is the existence of a neutron
resonance at a neutron energy of 4.1kev. Among
the light nuclei, the neutron resonances involve
only scattering. However, an appreciable (n, v)
capture takes place for scandium, since the experi-
mentally-measured cross-section for activation is
56 millibarns at an energy of 25kev, which is con-
siderably higher than the resonance energy.34 Thus
the existence of the scandium gap is a direct factual
argument in favor of the view that neutron-capture
processes with energies of the order of 4kev has
played an especially large role in the formation of
the elements. Such neutrons cannot be obtained
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directly by any of the nuclear processes. They
may be obtained only by slowing of fast neutrons

in a medium having a temperature of this order.

In the rapid neutron-capture process, the neutrons
could not be slowed down before capture. Hence,
scandium can be used as a cosmochemical ther-
mometer. Its low abundance is evidence that the
fundamental processes of synthesis of the medium
and heavy nuclei took place at temperatures about
4kev. However, this is just the order of magnitude
of the temperature required for the formation of
neutrons by means of exothermic (o, n) reactions
in the burned-out cores of heterogeneous stars.

THE IRON MAXIMUM

The most difficult problem of the theory of the
formation of the elements is that of finding a plau-
sible explanation of such a sharply marked feature
of the abundance curve as the iron maximum.

Iron and the nuclei near it are distinguished by
having maximum binding energies per nucleon, i.e.,
they are the energetically stablest nuclei. Thus
the idea developed of explaining the iron maximum
as due to the formation of these nuclei under condi-
tions of thermodynamic equilibrium at very high
temperatures, at which both the direct and reverse
reactions would proceed quickly enough. It is as-
sumed that such conditions might be realized in
stellar explosions (supernovas).

Burbridge et al.® calculated that the abundance
of six nuclei near iron can be superimposed on the
equilibrium curve for a temperature of 3.78 x 10°
degK, with a ratio of the concentration of free neu-
trons to that of protons of 300. The agreement be-
tween the observed abundances and the equilibrium
concentrations has hardly any fundamental signifi-
cance. In order for this to have any meaning, it is
necessary to fix the temperature very exactly, for
even small changes in temperature would cause
very sharp changes in the composition of the equi-
librium mixture. We must note also that this
agreement was obtained by taking the abundances
from data of the spectroscopic analysis of the sun’s
atmosphere. If we take the results of chemical
analysis of meteorites or the earth’s crust, the re-
sults obtained will be completely different. Fi-
nally, the problem remains unclear as to how the
equilibrium is frozen upon cooling; a strict quan-
titative analysis of this question has not yet been
carried out.

The process of formation of elements under
equilibrium conditions has been designated in the
literature as the “e-process.” It has been spe-
cially introduced in order to explain the iron maxi-
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mum. Inasmuch as the introduction of this pro-
cess is rather artificial, it would be very interest-
ing to find any other alternative possibilities for
explaining the iron maximum.

THE BYPASSED NUCLEI

In Fig. 5, below the pathway of the slow neutron-
capture process lie nuclei with a deficit of neutrons.
All of the possible pathways of neutron capture pass
by them, and hence they are called the bypassed nu-
clei. The abundances of the bypassed nuclei are ap-
proximately two orders of magnitude smaller than
those of the nuclei on the pathway of the slow neu-
tron-capture process. In Fig. 1, the bypassed nu-
clei are indicated by the dotted line. The low abun-
dance of the bypassed nuclei confirms the idea that
neutron-capture processes have played a fundamen-
tal role in the processes of formation of the ele-
ments. However, in order to explain the origin
of the bypassed nuclei, it is necessary to introduce
supplementary processes of a different character.

Such processes might be rapid thermonuclear
reactions of the (p,y) or (y,n) types at high tem-
peratures. Thus, in the general thermonuclear
scheme,® the “p -process” is introduced in order
to explain the formation of the bypassed nuclei.
This consists of (p,y) reactions at temperatures
about one billion degrees. It is assumed here that
in supernova explosions at temperatures of about
four billion degrees, thermodynamic equilibrium
sets in in the matter in which all the hydrogen has
already been consumed. This leads to the forma-
tion of the iron maximum, while after the products
are cooled to one billion degrees, they come into
contact with hydrogen, and non-equilibrium (p,¥y)
reactions take place, leading to the formation of
the bypassed nuclei.

However, a careful study® shows that this is
the weakest point in the entire thermonuclear
theory of the formation of the elements. In the
great majority of cases, not one, but two consecu-
tive (p,v) or (v,n) reactions are required for
the formation of the bypassed nuclei. Consequently,
the times for these reactions must be small in com-
parison with the B -decay times, that is, the reac-
tions must be rapid. At the temperatures and den-
sities required for rapid reactions, the reactions
are already reversible. However, then we are
dealing with sequences of rapid, reversibie thermal
reactions, and by the principle of detailed balancing
such a sequence of reactions must unavoidably lead
to a state of thermodynamic equilibrium. We mean
by this not complete equilibrium, but equilibrium
between the bypassed nuclei and their isotopes,
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isobars, or nuclei with the same number of neu-
trons which are on the pathway of the slow neutron-
capture process. It is easy to test whether such an
equilibrium is realized in nature. For this it is
sufficient to plot the logarithm of the ratio of abun-
dances (corrected for the statistical weights)
against the difference of binding energy. This has
been done in Fig. 7. Equilibrium would correspond
to a straight line, whose slope would characterize
the temperature. One may see from Fig. 7 that
the observed abundances have nothing in common
with the equilibrium abundances. This compels us
to doubt the explanation of the origin of the bypassed
nuclei as due to rapid thermonuclear processes.
We have shown® that almost every bypassed
nucleus may be obtained from a nucleus lying on
the pathway of the slow neutron-capture process
by a single (p, 2n) reaction. Here a rapid process
is no longer required, but these reactions require
protons with energies above 10 Mev. These cannot
be thermonuclear, but must originate from proc-
esses of athermal acceleration.

THE FORMATION OF ELEMENTS IN PROCESSES
OF ATHERMAL ACCELERATION

The necessity of introducing processes of ather-
mal acceleration of particles into the theory of the
origin of the elements follows from the fact alone
of the existence of deuterium, lithium, beryllium,
and boron in nature. The nuclei of these elements
react rapidly with hydrogen at thermonuclear tem-
peratures. Their relatively low abundance is evi-
dence that most of the cosmic matter has been
cooked in the thermonuclear kettle. However, the
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amounts of the indicated nuelei that exist in nature
have apparently not resulted from thermonuclear
reactions. In order to explain their origin, another
process® has been introduced into the general
scheme of the formation of the elements. It is
called the “X -process,” apparently because not
much is known about it. It is assumed that in this
process nuclear particles take part, which have
been accelerated by variable electromagnetic
fields in the atmospheres of stars.

The fact that such an acceleration actually
takes place in the atmospheres of stars, the sun
in particular, is made obvious by a number of
manifestations of solar activity which we observe
on the earth. Among these are: the current of par-
ticles causing the aurora, magnetic storms, and
interruptions of radio communication; non-thermal
radio emission, apparently excited by fast electrons
in the sun’s atmosphere; and finally, the increase
in the cosmic ray intensity after chromospheric
flares on the surface of the sun. The latter is
direct proof of the acceleration not only of elec-
trons, but also of nuclei.

For the accelerated particles to enter into nu-
clear reactions, the acceleration must take place
not in a vacuum, but in a sufficiently dense plasma.
However, the acceleration of particles in a plasma
is possible only when the particles have a suffi-
ciently high initial velocity. The point is that a
charged particle moving in a plasma suffers fric-
tional losses due to electrons. These losses are
greater, the lower the velocity of the particle. In
order that acceleration may occur, an initial ve-
locity such that the frictional losses are smaller
than the energy imparted to the particle by the
electromagnetic field is necessary.

Hence,* a combination of two processes is re-
quired for nuclear reactions in the atmospheres
of stars: an initial gas-dynamic injection, and a
subsequent electromagnetic acceleration. The
injection may be produced by shock waves emerg-
ing from inside the star into a medium of lesser
density; this will be associated with a progressive
increase in velocity. The same shock wave might
also produce a disturbance in the plasma, leading
to the appearance of alternating electromagnetic
fields, such as are necessary for the subsequent
acceleration.

The reason for the formation of shock waves
must be sought in the turbulent motions which take
place in the deep convective zones hidden under the
surface of the star. The theory of the internal
structure of stars states that a special development
of convection should be expected in stars of the red-
dwarf type, which lie in the lower right-hand corner
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of the spectrum-luminosity diagram. This is the
type to which the flaring stars belong, in which phe-
nomena similar to the chromospheric flares of the
sun occur on a much larger scale. All the condi-
tions exist in the atmospheres of these stars for
the occurrence of nuclear reactions due to athermal
acceleration.

In the evolution of the more massive stars, there
is also a non-stationary stage accompanied by turbu-
lent movements. There are reasons for assuming
that similar instability phenomena take place at the
end of the horizontal branch of yellow giants (see
Fig. 4). It is probable that an analogous branch
exists also in the flat component, but it is harder
to observe it there. In the corresponding region
of the diagram, the magnetic variables are ob-
served; large anomalies of chemical composition
are observed in the atmospheres of these stars.
These anomalies may be considered as direct evi-
dence of the formation of elements in processes
of athermal electromagnetic acceleration.

THE (p,n) AND (p, 2n) REACTIONS

In athermal acceleration, the energy spectrum
of the particles does not fall off exponentially at
large energies (as it does in the thermal Maxwell
distribution), but according to a power law. Hence,
a significant role is played here by particles with
energies considerably greater than thermonuclear
energies. In thermonuclear reactions, protons are
captured by nuclei only with emission of y rays.
However, as soon as the energy of the compound
nucleus formed by capture becomes sufficient for
emission of a neutron, the probability of this proc-
ess becomes much larger than the probability of
emission of a vy quantum. After this point, the
basic process of interaction of the nucleus with a
proton is the (p, n) reaction.

The energy threshold for the (p, n) reaction
cannot be lower than 0.75 Mev (corresponding to
the difference in mass between the neutron and
the proton). Actually the binding energy of a pro-
ton within a nucleus is less than that of a neutron
because of electrostatic repulsion, so that in fact
the (p, n) reaction becomes possible at proton
energies of about 2 Mev. However, if the energy
of the proton exceeds this value by the amount of
the binding energy of another neutron (about 8
Mev ), then the emission of two neutrons may fol-
low the capture of the proton. This is the (p, 2n),
reaction, whose energy threshold is correspondingly
at about 10 Mev.

(p, 2n) reactions seem to be% the most probable
pathway for the formation of the bypassed nuclei.
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The occurence of these, along with (p, n) reactions,
may serve as an additional neutron source for the
fundamental pathway for the synthesis of the heavy
nuclei, slow neutron capture. If the (p, n) reac-
tion is followed by B decay back to the original
nucleus, the final result of these two processes is
a pure transformation of a proton into a neutron.
Thus, nuclei may serve as catalysts for transfor-
mation of protons above the threshold energy into
neutrons. The role of these processes in the ori-
gin of the elements is far from clarified as yet.

In reference 35, the hypothesis is advanced that
they may be of significance even as one of the pos-
sible explanations of the iron maximum.

(p, n) reactions in the presence of cold hydro-
gen must be accompanied by the formation of ap-
preciable amounts of deuterium. In this regard,
we must note that, if the deuterium content is the
same in cosmic hydrogen as in terrestrial hydro-
gen, the deuteron must be one of the most abun-
dant nuclei. In such a case, the abundance of deu-
terium would then be near that of iron; this would
be a strong argument in favor of the role of proc-
esses of athermal acceleration. If we succeed in
determining the cosmic abundance of deuterium,
this will be a powerful aid in elucidating the roles
of athermal and thermonuclear processes in the
origin of the chemical elements.

Laboratory experiments on the problem of
directed thermonuclear reactions have shown that
it is much easier to obtain a nuclear reaction re-
sulting from athermal acceleration than by a true
thermonuclear reaction. This result may find a
certain analogy in the theory of the origin of the
elements.

CONCLUSION

We see that it is possible to explain the forma-
tion of all the chemical elements from hydrogen by
processes which are qualitatively no different from
those taking place at the present time in known
stars. Undoubtedly, this is a great forward step
in comparison with the theories which made use
of arbitrary hypotheses about a prestellar state
of matter.

There are still a number of difficulties and un-
solved problems. Nothing can be said as yet about
the origin of the primordial hydrogen. The final
fate of the stars upon cessation of all nuclear proc-
esses is not completely clear. The white dwarfs
are star “corpses” of this sort, but it has not been
shown that there are enough of them.

A good test of the theory of the continuous for-
mation of the elements would be the comparison of
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the chemical compositions of old and young stars.

It has been shown that, in the stars of the spherical
component, there is much less of the heavy elements
than in the stars of the flat component. However,
the comparison of the chemical composition of young
and old stars of the flat component does not give
such unambiguous results. This has led many as-
trophysicists to the conclusion that, in the early
stages of the development of the galaxy, the proc-
esses of nuclear synthesis took place more inten-
sively, although they were qualitatively the same

as now.

The problems of explaining the scandium gap,
the iron maximum, and the origin of deuterium,
lithium, beryllium, and boron, and the bypassed
nuclei cannot be considered to be definitely settled,

All these problems require further development
and perfection of the theory. Yet, it is important
that the theory of the origin of the elements has
come into contact with the data of observational
astrophysics and with the theory of the evolution
of the stars. The theory has already begun to
connect the processes of the formation of the ele-
ments with definite stages of stellar evolution and
with concrete, actually-observed types of stars.
This support by real facts is a guarantee of the
ultimate success of the theory.
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