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INTRODUCTION

In recent years interesting new facts have appeared
in cosmology which should substantially influence the
current ideas of the evolution of the observed universe
as did the discovery of quasars and the three-degree
microwave radiation in their t ime. These facts a re r e -
lated, however, not to optical or radio astronomy obser-
vations but a re due to investigation of the abundance in
the solar system of certain radioactive nuclei and p a r -
ticularly of the transactinium nuclides such as 2 3 2Th,
2 3 5 U, 2 3 8 U,

2 3 7 Np, M 4 P u , and 2 4 7 Cm.

The existence in the universe of appreciable quanti-
ties of radioactive nuclei, part icularly of heavy nuclei,
is one of the direct proofs that the universe has changed
and is changing continuously in its composition. This
was first pointed out in 1904 by Rutherford/ 1 1 who uti-
lized analysis of the radioactive decay of uranium and
the ratio of concentrations of helium and uranium in
rocks to determine the age of a piece of uraninite, i.e.,
the period of t ime which had passed from the moment
of solidification of the uraninite, when the helium stopped
leaving it. As has been noted recently by Clayton1·21 this
analysis can be considered historically as the first fact
regarding the evolution of the universe.

The accumulation of observational data (Hubble's law,
1929) and the application of the equations of general r e l -
ativity to the entire universe (the homogeneous isotropic
models of Friedmann, 1922 and 1924, LeMaitre, 1927,
and others) have led to the conclusion that the universe
is a nonstationary expanding system. Here, according
to Friedmann's theory, the evolution of the universe with
time depends substantially on the value of the current
average density of matter for a given ra te of expansion.
For a density Pcurr < Per the homogeneous universe is
infinite and will expand without limit (the open model);
for a density p C U r r > Per * n e universe is closed, its vol-

ume is finite, and expansion should be replaced by com-
press ion (the closed model). Regardless of the nature
of the expansion, it is clear that it cannot have continued
indefinitely in the past and at some moment t = 0 the
density of matter must have been infinite (ρ — °°).υ

Gamow in 1946 proposed that the universe in the early
stages near the singularity was sufficiently hot that ther-
monuclear reactions of helium synthesis could occur in
it.

Three well known observational facts exist which
favor the hot model of the universe (the big-bang model).
The first is the discovery of the black-body radiation re-
maining from the hot universe. The second is the fact
that the ages of the oldest stars and the ages of the spher-
ical clusters are ~( l l-13)x 109—in agreement with the
age of the universe determined in relativistic cosmolog-
ical models as the time which has passed from the be-
ginning of the expansion (the big bang): t p = (1-2) χ 1Ο10

years. The third fact is that the age of the elements of
our galaxy determined from radioactive transactinium
nuclides is, as we will see below, of the same magnitude,
(11 ± 2)x l0 9 years .

ORIGIN OF THE ELEMENTS

The hot model satisfactorily explains the synthesis
of the simplest elements deuterium and helium in the
early stages of the evolution of the universe. The syn-
thesis of heavy elements occurs in the interiors of stars
and in explosive processes—in the flashes of novae and
supernovae. This mechanism of nucleosynthesis, which
includes nuclear reactions and neutron-capture proces-

''In recent years it has become clear that the singularity also is not re-
moved in extremely general inhomogeneous and anisotropic cosmol-
ogical models [ 4 6 ] .
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ses, permits description of the formation of all chemi-
cal elements from helium to the transuranium elements.

Synthesis in the hot model. In the hot model131 in the
early stage of evolution,2' τ ~ 10"6 sec (Ω = p c r /p « 0.05)
from the beginning of the expansion, only nucleons re-
main among the baryons, and as the result of the strong
interaction they are transformed from one to the other:

(1)

At a temperature below 10 °K the quantity of mesons
decreases sharply and the mutual transformation of neu-
trons and protons via mesons is cut off. However, as
was shown by HayashiC4] the mutual transformation of
neutrons and protons is now maintained through weak
interactions such as

(2)

In this case complete equilibrium exists between all
forms of matter and radiation at a temperature above
1010oK (τ < 1 sec). For temperatures below 10lo°K the
weak interaction is not able to preserve the thermody-
namic equilibrium between neutrons and protons, since the
concentration of electron-positron pairs begins to drop
sharply. The ratio p/n will be frozen until neutron de-
cay becomes important. This frozen value for τ ~ 10
sec is p/n = 4.8 (17% neutrons). Formation of a deuteron
from a neutron and a proton, n + p — D + y, is never-
theless impossible for temperatures Τ > 109 °K, since
there are many photons capable of rapidly destroying
the deuterons. At τ w 100 sec (T « 109 °K) formation of
deuterons and eventually helium begins:

Temperature, ° Κ

m" 5-ifi-io"'to'os-ios m3 IO'S-IO1

n+ v,, =*/>-j-

ie -'- η.

D ^ ρ — 3 He -,L γ,
(3)

At this stage the neutrons have the frozen concentra-
tion ~17% (Fig. 1). If all neutrons are converted to he-
lium, the final concentration of helium-4 will be «30%
by mass, in agreement with the observations. Thus, the
hot model satisfactorily describes the synthesis of he-
lium-4 in the universe. The problem of deuterium and
helium-3 is being debated, but as yet there is no clear
opinion.[47] However, we can now say with complete re-
liability that this model does not explain the existence
of elements heavier than helium (except perhaps for 7Li,
whose content in the solar system is only 10"6%).

The absence of stable nuclei with atomic weight 5 and
8 in nature inhibits, in terms of the hot model, the for-
mation of elements heavier than helium, since the low
density of matter does not allow this gap to be crossed
by means of multiple (perhaps ternary) collisions.
Therefore we must turn to noncosmological processes
for formation of elements heavier than helium. Since
the atoms of these elements comprise only 0.1% of all
atoms of the universe, we can assume that their synthe-
sis occurred much later in the interior of stars formed
from the primary hydrogen and helium.

FIG. 1. Variation with time of the
proton-neutron ratio p/n. The solid
curve reflects the real behavior of this
ratio with time; dashed curve 1 cor-
responds to thermodynamic equilib-
rium between neutrons and protons,
p/n = exp(Amc2/kT); curve 2 re-
flects the behavior of p/n when the
free decay of neutrons can be
neglected.

As hydrogen, helium, carbon, and silicon are burned
up in the dense nuclei of giant stars, synthesis occurs
of all heavier nuclei up to iron. A detailed review of
thermonuclear synthesis in stars has been published by
Clayton."1

Nucleosynthesis in stars and the problem of rhenium -
187. We shall discuss here only the last stage of this
synthesis, which leads to formation of heavy and trans-
actinium elements. In this stage, synthesis of the ele-
ments occurs by means of slow capture of neutrons in
which β-decay processes can occur (the s process), and
also by the rapid capture of neutrons in which β-active
nuclei are not able to decay (the r process).

If the nuclei of atoms of heavy elements are produced
not as the result of random reactions not associated with
each other, but arise in a single nucleosynthesis pro-
cess,3' then the knowledge of their relative terrestrial
abundances and rates of decay will permit determination
of the period of time which has passed from the moment
of termination of the nucleosynthesis. On the other hand,
the models of the s and r processes permit description
of the time dependence of the synthesis of the elements.
The duration of nucleosynthesis in the galaxy Δ also is
of considerable interest, since it can be directly deter-
mined (without additional assumptions) from the long-
lived isotopes.

In this respect, of the elements formed in the s pro-
cess the most remarkable is osmium-187, 60% of which
on the Earth must be considered as originating from the
β decay of rhenium-187 (half-life T1 / 2 = 4.3 χ 1010

years/ 6 1 decay energy 2.6 keV). Measurements of the
cross sections for neutron capture have now confirmed
the correctness of the theory of the s process, on the
basis of which this conclusion was drawn.

According to the theory of the s process the contents
(yields) of nuclei in the chain of the s process for small
regions of variation of A are inversely proportional to
the average cross sections for capture of thermal neu-
trons by the given nuclei, i.e., we have the quantity
NS(A)5(A) = const. In particular, 187Os[S]ff(187Os)
= 186Os 5(186Os), and the amount of radiogenic osmium -
-187 produced from rhenium-187 is

2)The purpose of this article is to analyze the origin of heavy elements.
Cosmological mechanisms of formation of the elements have been dis-
cussed briefly, since they explain the synthesis only of the light ele-
ments.

3'lt is possible to make very different assumptions regarding the astro-
physical circumstances in which this single nucleosynthesis process
occurred. This could be the flash of any one supernova or a number
of successive flashes of supernovae up to the formation of the solar
system. According to current ideas the explosion of a supernova leads
to disruption of the shell of the star, so that a significant part of the
material synthesized in the explosion (when an intense neutron flux
is produced) is ejected into interstellar space. The matter thrown out
from stars in such flashes is mixed with the interstellar gas and, having
dissolved in it, serves as further material for formation of younger stars
and systems (for example, the solar system).
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where 1 8 7Osc rg] is the number of atoms of radiogenic
Os1 8 7; 1 8 T Os t s ] is the quantity of 187Os atoms produced
in the s process; σ (A) is the average cross section for
neutron capture for nuclei of mass A; 186Os is stable
and does not have a radiogenic origin (it is formed only
in the s process).

From Eq. (4), if we take into account the measure-
ment"3 d(1 8 6Os)/51 8 7

we obtain

7Os = 0.4 ± 0.1 and 18eOs/187Os = 1,

""Os[rg]

«'Re

- ^ 5 ^ = 0,6(60%),

r (18eOs)/o (187Os)) (l8eOs/Os) Os η ΛΟ • Λ no
wite/Ke ^ - = 0.12 ±0.03.

(5)

Since this quantity corresponds to the decay of 187Re
for a period of approximately a quarter of its half-life
(«101 0 years), the radiogenic nature of 187Os seems as-
tonishing in the light of current ideas of the age of the
solar system. Is it possible that the 187Os was produced
long before the formation of the sun ? As we will see in
what follows, this is inconsistent with contemporary
models of nucleosynthesis.

Clayton recently made the interesting suggestiont8]

that the rate of decay of 187Re can increase under cer-
tain astrophysical circumstances, particularly for high
stellar temperatures, 105 < Τ < 108 °K. Thermal popu-
lation of the excited states of 187Re (134 keV and above)
and their subsequent decay to 187Os cannot, however,
lead to such an acceleration, since even at Τ = 108 °K
this effect is very weak: the transition 1^/1 —· l"/2
corresponds to log ft « 9. The β decay induced by pho-
tons is also too weak at these temperatures.

The increase in the rate of decay of 187Re can be ex-
plained only as the result of an additional mechanism of
β decay to bound states of the partially ionized atom. In
β decay to a bound atomic state, the electron originating
in the nucleus fills a vacant position in one of the atomic
shells. Brodzinski and ConwayC9] showed that about a
third of the decays of terrestrial 187Re occur to a vacant
bound state in the 187Os daughter atom.

In the interiors of stars, where the atoms are highly
ionized, such β decay to bound atomic states will be ac-
celerated as the result of the increase in the number of
vacant states of electrons in the atom because of ioniza-
tion, and also as a result of the fact that decay to vacan-
cies of the inner shells of an ionized atom will occur

mr*
12 10 8 6

Time, billions of years ago

FIG. 2. Variation with time of the relative concentrations 2 3 2Th/2 3 8U
and 2 3 5 U/ 2 3 8 U. 1—Continuous synthesis, 2—sudden synthesis, 3—forma-
tion of solar system, 4-relative concentration 2 3 S U/ 2 3 8 U at the present
time.

more rapidly than decay to vacancies of the outer shells
of a neutral atom.

In the sun at a temperature of 106 °K rhenium will
contain bound electrons in the Μ shell, but all subse-
quent outer shells beginning with Ν will be ionized. This
atom of rhenium has 28 electrons and 48 vacant states
for the electron arising in β decay. If we assume that
the rate of β decay of 187Re to bound atomic states is in-
creased in the sun by at least 48 times (the number of
new final states), in this case the half-life of 187Re can
decrease from 43 x 109 years (the terrestrial value) to
2.6 χ 109 years, which is less than the age of the sun.4)

Measurement of the isotopic composition of 187Re and
187Os in the solar wind could serve as a verification of
Clayton's idea. If the idea proposed above for the mech-
anism of decay of rhenium-187 is valid, the solar wind
should be strongly depleted in rhenium and enriched
in osmium.

If this is not the case, then the great age of l a 7Re
leads to a contradiction with recent cosmochronological
data on the transactinium elements.

"Time, gentlemen, p lease ! " . " 1 1

NUCLEAR COSMOCHRONOLOGY. THE ROLE OF
TRANSACTINIUM ELEMENTS

In this chapter we discuss the time scale of nuclear
synthesis and the formation of the solar system, based
on data on concentrations in the Earth and in meteorites
and yields in nuclear synthesis of radioactive transac-
tinium nuclides, and also of iodine-129.

Up to 1971 only three long-lived natural transactin-
ium nuclides were known on the Earth,5' U235, U238, and
Th332. To determine the age of these three nuclides it
is necessary to know their relative abundance in the
solar system at. the present time and also the rate of
production in the r process.

4)The theory of β decay to bound atomic states has been discussed by
Bahcall [10] in application to allowed transitions. If we consider the
the quantity r D / r c - t h e ratio of probabilities of β decay to bound
states (Γι,) and to continuum states (Pc), then Pb/r c will be determined
mainly by the phase spaces for decays respectively to bound states and
to the continuum. The phase space of β decay to the continuum is
represented by a certain function f(Z, Wo), where Wo is the decay
energy and Ζ is the nuclear charge. For decays to bound states the
analogous phase space is the product of the square of the neutrino
momentum and the square of the modulus of the electron wave func-
tion calculated at the surface of the nucleus. Hence the relative proba-
bility of β decay to bound atomic states is

li. „' I'M*)I*
r c ~ 9 /<z, w0) ·

Under terrestrial conditions atoms are neutral, and only one vacant
state exists for an electron arising in β decay; therefore the relative
probability of β decay to bound states is small (for example, for the
decay of tritium we have 3 H S : * 3He Γ 0 / Γ ς * 6.9 · 10"3), and the half-
life is determined by the probability of β decay to the continuum:
Τι η ~ 1 /<Xb + Tc) * 1 / r c . If about a third of the decays of terrestrial
1 8 7Re occurs to one vacant bound state in the daughter atom 187Os,
this means that on the Earth Tb/r c = 0.5. If on the sun r ' b = 48rb,
then Γί,/Γο = 24. In this unique case the half-life will be determined
mainly by decay to bound atomic states (!):

- * 1 7 .

5)A11 three nuclides undergo α decay: ' ' « · ' • ' ' " "
τ 1 / 2 -1,4. ίο» y

S38TJ «4TJ, .
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In nuclear cosmochronology we ordinarily utilize the
change with time of the relative concentrations 2 3 2Th/
2 3 8U, 2 3 5U/2 3 8U, and also 2 4 4Pu/2 3 8U, 237Np/238U, and
247Crn/238U.

In Fig. 2 we have shown an example of this change
for 2 3 5U/2 3 8U and 2 3 2Th/2 3 8U.

In the period of galactic nucleosynthesis before the
formation of the solar system the ratio of concentra-
tions changes as the result of production of elements
in the r process, and after the formation of the solar
system, free decay occurs. All of the transactinium
elements enumerated above are formed in the r process
(Fig. 3).

In order that nuclei with a number of protons Ζ +1
be formed in the r process from nuclei with a number
of protons Z, the following conditions must be satisfied:

1) λρ(Ζ, Ν)>λ,,(Ζ, Ν),
2) λ|,(Ζ, Ν)>λη,(Ζ, Ν),
3) λ η ϊ (Ζ + 1, N-
4) λ η ϊ ( Ζ + 1, ΛΓ-

(7)

where λβ, ληγ, Xsf, and λ ^ are the rate (in sec'1) re-
spectively of β decay, neutron capture, spontaneous fis-
sion, and neutron fission.

The yields of the transactinium elements important
for nuclear cosmochronology have been calculated"2'
taking into account the α-decay branches and the frac-
tion of spontaneous fission of the parent nuclei. For
example, the yield of thorium-232 is determined by the
combined contribution of nuclides with

A = 232
232
236
240
244
248-0.971
252-0,892
256-0.10"

= 0. 1. 2. 3...)
0.0130
0.0114
0.0167
0.0145
0.0122
0.0129
0.0005 (inrel. un.)

232 T 1 , - 0.0812

According to this scheme the following ratios of the
yields of the different transactinium elements are ob-
tained in the r process:

(8)
«*Th/2 MU = 1 7 8 , 2 M U 2 : 1 8U = 1.80 6 ) , 2 « P u / 2 M U = 0.88, 2 S 7 Np/ 2 3 8 U = 1.7

These are the relative rates of production of the
transactinium elements in nucleosynthesis and at the
same time these are the initial concentrations at the
moment of formation of the galaxy (the beginning of
nucleosynthesis).

Chronological models of nucleosynthesis in their sim-
plest form express the number NA of nuclei with mass
number A in the interstellar medium as a continuous
function of time during nuclear synthesis from t = 0 to
t = Δ:

(') (9)

where a^(t) is the rate of production and XA is the rate
of radioactive decay of the nucleus discussed with mass
A; NAOO is the number of nuclei at the moment of time
t. Since we are concerned here mainly with the r pro-
cess of nucleosynthesis, t = 0 is the beginning of this
process in the galaxy, and t = Δ is the last moment of

6)Fowler [ n ] has pointed out that it is necessary to take into account
the decrease in the yield in the r process of isotopes with odd A (for
a given Z), and then the ratio 2 3 S U/ 2 M U is reduced to 1.42 ± 0.19.

Μ 152 160 163 176 № 192 2W BOB 216

FIG. 3. Path of the r process for transactinium nuclides.

time when the r process contributes to formation of the
material of the solar system (Fig. 4).

We shall designate by δ the time between the forma-
tion of the material of the solar system and the solidi-
fication of meteoritic material. The formation of me-
teoritic and planetary material signifies the formation
of a closed system without further changes in the con-
centrations of the elements except for changes due to
radioactive decay, for example, the decay 1 2 9I — 12eXe
or the decay Pu Th. If ΘΜ is the age of the me-
teorites, then the age of the solar system 0gg is related
to δ as follows:7'

ο Ο ι f. (\Κ\
yJSS== " W ~V " - ' V /

Integration of Eq. (9) gives

(11)

At the moment of solidification of the meteorites
(taking into account also the free decay in the time δ)
we obtain

(12)

Since, as we shall show below, the age of the galaxy
is

ec = Δ + ess, (13)

the number of nuclei with mass A at the present time is
Δ

— λ (Δ + Θ 1 Γ λ (ί) ΙΛ Α\

Ό
The function aA(t) is determined by the type of model

of nucleosynthesis. Possible types are as follows:

1) Exponential decay

aA(t) = aA(0)e-"T' (15)

(here T* is a constant independent of time which char-
acterizes the type of nucleosynthesis),

2) uniform synthesis

aA (t) — const, (16)

3) sudden synthesis
αΑΓ* -«-const,

The exponential model is mathematically the most

7'ln what follows we will use the symbol Μ to designate the moment of
solidification of metorites Δ + δ, the symbol SS to indicate the mo-
ment of formation of the solar system, and the symbol ρ to indicate
the present time.
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FIG. 4. Time scale of nucleosynthesis and formation of the solar
system. O-Beginning of nucleosynthesis, Δ—end of nucleosynthesis-
the last moment of time when the r process contributes to formation
of solar system material, SS-formation of the solar system, M-forma-
tion of the meteorites and the earth, P-present time.

convenient, since it combines the three cases if we in-
troduce a characteristic time of decrease of the rate of
nucleosynthesis T*. Then T* = « corresponds to uni-
form synthesis and T* = 0 to sudden synthesis.

Equation (12) for the exponential model leads to the
relation

Χ Α (Δ + 6) = aA \ e-W (e^**

For stable nuclei (XA = 0) we have

(18)

αΛΓ·(1_6-Δ/τ·) = θ Α Δ £ ΐ (19)

where Δ β is the effective duration of nucleosynthesis.

In the case of sudden explosive synthesis (T* — 0) at
the moment Τ = 0 we have

NA(A + 6) = aAAŝ »-A(4+i>, (20)

where Δ 8 is the effective duration of the explosive nu-
clear synthesis for t = 0.

In the case of sudden synthesis for t = Δ' we have

ΛΓ

Α(Δ' + δ) = αΑΔ;ίΓ!Ά'\ (21)

Finally, in the case of uniform synthesis (T* = «) the
general Eq. (12) leads to the form

Λ'Α(Δ + δ) = -^ 1 Γ λ Α 6 (ΐ_ ί Γ»- Α 4 ) (22)

Let us turn now to Eq. (14). The parameters Δ and T*
can be determined from this equation if we use the fol-
lowing values of the ratios of the abundances and rates
of production of the three transactinium elements:

-0.00723, ^ - = 1.65 db 0.15, ( 2 3 )

•^2-= 1.65 ±0.15.
" 3 8

The age of the solar system 6ss = (4.7 ± 0.1) x 109 years
is taken independently of the other data.

The results of a calculation on the basis of these data
corresponds to the "old" nuclear cosmochronological
model developed by Fowler and Hoylec i 2 a j in 1960. Here
we obtain Δ = 6.9 x 109 years, T* = 11.1 x 10" years for
the exponential model, and Δ = 7.7 x 109 years for the
uniform model.

In recent years in nuclear cosmochronology there
has not only been an improvement in the calculations
of the rates of production of the transactinium elements
in the r process, but, of the greatest importance, the
triad of classical isotopes 232Th, 238U, and 235U has been
completed by two additional no less important nuclides
1 2 9 I and 2 4 4Pu. Hohenberg, Podosek, and Reynolds (see
ref. 13) have carried out careful investigations of radio-
genic 12BXe in meteorites and have assigned its origin
to decay of now vanished 1 2 9I with a half-life of 1.72 x 107

years.

The average value of the ratio ( 1 2 9 I / 1 2 7 I ) M obtained by
them for ten chondrites is (1.07 ± 0.04) χ 10"4.

More recently Podosekcl4] found for the St. Severin
meteorite ( 1 2 9 Ι / 1 2 7 Ι ) Μ = (0.785 ± 0.035) χ 10"*. Therefore
we can reliably take ( 1 2 9 I / 1 2 7 I ) M = ( ° · 9 ± ° · 2 ) x 1 ( r 4 > a n d

then the relation

r 129J / l 2 i I £-λ«9δ (24)

permits determination of the time δ of formation (cool-
ing) of the solid bodies of the solar system, which was
impossible to do previously on the basis of the long-
lived isotopes of uranium and thorium8' (see Eq. (29a)
below).

However, a particularly remarkable role in study of
the history of the solar system and galaxy belongs to
plutonium-244.

PLUTONIUM-244 IN METEORITES, IN THE
EARTH, AND IN THE MOON

Mass-spectroscopic measurements of plutonium sep-
arated from Precambrian bastnSsite confirm the pres-
ence of plutonium 244 in nature.

The history of the investigation of traces9 ' of 244Pu
begins in. 1960 when P. Kuroda of the University of
Arkansas suggested that the excess of isotopes of gas-
eous xenon: l31Xe, 132Xe, 134Xe, and lseXe, which was ob-
served in the achondritic Pasamonte meteorite origi-
nates from spontaneous fission of some heavy radioac-
tive nucleus.1161 In contrast to the Earth, meteorites
should not contain primary xenon—the product of galac-
tic nucleosynthesis, and therefore the uranium/xenon
ratio in the Earth's system, including the atmosphere,
should differ from the same ratio in meteorites, and
the excess of stable xenon isotopes observed in mete-
orites can be explained only by their fission origin.
Here the now extinct (decayed) radioactive nuclei—the
source of the fission xenon—must have a half-life suffi-
ciently small (< 10s years) in comparison with the age
of the Earth and at the same time comparable with the
time of solidification of meteorites, since after implan-
tation into meteorites they must remain there until the
meteorites cool off and solidify, which assures that the
gaseous fission products are captured and retained.

There can be four main sources of fission xenon:
spontaneous fission of 238U, neutron fission of 23^U,
spontaneous fission of 244Pu, and spontaneous fission
of 247Cm.

However, uranium-238 is not suitable because of the
long half-life, and fission of uranium-235 by neutrons
gives too small a contribution if the duration of solidi-
fication of meteorites is small in comparison with the
age of the Earth. Consequently there remain only two
possible sources—curium-247 and plutonium-244. The
first of these has a half-life (T1 / 2 = 1.5 χ 107 years) 5.5
times smaller than the second. Therefore it is natural
to suggest that plutonium-244 (T1 / 2 «8.2X10 7 years) is
the only nuclide responsible for the presence of fission
xenon in meteorites.

8)As Pikelner [1S] recently noted, the results on the duration of syn-
thesis and the periods of its enhancement are very sensitive to the con-
tent in meteorites of 2 4 4Pu and other short-lived isotopes, which so
far has not been determined with very good accuracy.

"*opu
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In 1969 an excess of fission tracks was observed in
the uranium-rich mineral whitlockite from the St. Sev-
erin meteorite (the uranium chemically accompanies
Plutonium); however, as before it was impossible to
state with certainty that the fissioning nucleus was
ztiPa, since an unambiguous answer to this question
can be given only by agreement of the ratio of xenon
isotopes in the meteorite with the ratio of xenon fission
fragments of 244Pu.

Recognizing the importance of this fact, the group at
the Oak Ridge National Laboratory electromagnetically
separated 13 mg of plutonium-244 from large quantities
of plutonium bombarded by neutrons, and after a 23-
month delay, so that enough M 4Pu could undergo fission,
they measured directlyc the ratio of xenon fission
fragments of artificial plutonium-244. This ratio turned
out to be: l31Xe:132Xe:134Xe:136Xe = 25:88:92:100, which is
in exact agreement with the mysterious ratio of xenon
isotopes observed in meteorites. This means that plu-
tonium-244 actually existed in the solar system at the
time of formation of the meteorites.

The half-life of M 4Pu is 82 million years. Therefore
the average concentration of M 4Pu on the Earth should
now be only (1/2 )5 β of its concentration at the time of
formation of meteorites ~4.6 χ 109 years ago. Even if
M 4Pu existed initially in the same quantity in which its
decay product 232Th is now distributed on the Earth
(4.4 x 10"8 g/g of Earth), the upper limit of the present
concentration on the Earth of M 4Pu must be expected to
be 3 x 10"25 g/g, while even the most sensitive mass-
spectroscopic measurements require ~ 107 atoms
(4 χ 10"15 g) of plutonium for possible detection. It is
clear from this how difficult it is to detect natural
plutonium-244. It would be possible to look for it only
in an Earth mineral in which plutonium was selectively
concentrated to the highest degree.

Plutonium-244 was found on the Earth c i 8 ] in 1971 by
the Los Alamos group (D. Hoffman, F. Lawrence,
J. Mewherter, and F. Rourke) in the rare earth mineral
bastnSsite. The bastnasite from which Pu-244 was ex-
tracted contains significant quantities of cerium, whose
enrichment in this mineral amounts to 5 x 105 in com-
parison with the mean terrestrial abundance of cerium.
The initial material for the investigation consisted of
260 kg of California ore which contained approximately
10% (26 kg) of bastnSsite. This is equivalent to 10.5 kg
of pure CeO2. The initial product in the form of a
HDEHP solution was separated into three main parts,
each containing 8.5 kg of bastnasite. All three parts
were processed separately: Tetravalent plutonium was
separated from cerium and other impurities by the well
known procedure for chemical separation of plutonium
and was subjected to mass spectrometric analysis. For
reliable identification of M 4Pu, indicator ions of 236Pu
and 2 4 2Pu in accurately known amounts were added to
each fraction. The first plutonium fraction show the
presence of too great a quantity of Th, which was esti-
mated in the second fraction; however, the second frac-
tion still did not give enough M 2Pu indicator ions to carry
out an accurate analysis. In the third fraction 244Pu was
found and was confirmed by two independent measure-
ments of equal portions of the third fraction. The first
portion gave a ratio of the indicator 242Pu to 244Pu of
284 ± 40, and the second—266 ± 40. A total of 268 ions
were detected in the region of mass 244, of which 26
were assigned to experimental noise.

The ratio 2 4 2Pu/2 4 4Pu measured in the mass spec-
trometer with allowance for the known amount of Z42Pu
indicator introduced (5.65 x 10" atoms) permits calcula-
tion of the absolute amount of M 4Pu recorded in the third
fraction-2 x 107 atoms (8 x 10"15 g) in 8.5 kg of bastnasite.
The total error in the measurements does not exceed 30%
and the final result, in the opinion of the authors, is the
observation of (2.0*g:|) χ 107 atoms of ^ P u in 8.5 kg of
bastnasite or 1 χ 10"18 g of M 4Pu in 1 g of bastnasite.C18]

The possibility of introduction into the investigated sam-
ple of artificial M 4Pu obtained as the result of the nu-
clear activities of man is excluded by the low value in
the same fraction of the ratio 2 3 9Pu/2 4 4Pu.

As noted in an editorial in Nature/1 8 3 with the dis-
covery at Los Alamos plutonium-244 left the category
of extinct radioactivities and joined uranium-235 in the
category of almost extinct radioactivities.

More recently the studyr20) of lunar mountain rock
obtained by Apollo 14 permits the statement that traces
of plutonium-244 have now been observed also on the
moon.

The xenon data obtained on heating sample 14301,
which contained the mineral whitlockite, showed a sig-
nificant fission component which it was possible to as-
sign reliably to spontaneous fission of 2 4 4Pu. In particu-
lar, the spectrum of xenon isotopes obtained from sam-
ple 14301 turned out to be completely identical to the
spectrum from spontaneous fission of 244Pu.

In addition, if we assume the same initial Pu/U ratio
for the lunar rock 14301 and the Pasamonte meteorite,
then we find that the rock sample 14301 was formed no
later than 120 million years after the Pasamonte me-
teorite. The crystals of whitlockite in lunar rocks
10057, 12040, 12063, and 12064 also contain densities
of fission tracks much higher than expected from the
slowing down of cosmic rays or spontaneous fission of
238U, but in these samples, in contrast to sample 14301,
it was not possible to separate clearly the fission com-
ponent from the nuclear disintegration.

If we take for the ratio ztiPa/Z3aV at the time of for-
mation of the meteorites and the moon (4.6 X 109-4.7
χ 10° years ago) the value 0.015 obtained from the con-
centrations of fission xenon, then on the basis of the
average terrestrial abundance of 238U of 1.1 x 10~8 g/g
it is possible to calculate the present average abundance
in the solar system of ^Pu—8 x 10"27 g/g. This means
that the degree of enrichment of M 4Pu in California
bastnasite amounts to 1.3 x 108, or 130 times greater
than the enrichment of cerium.1 0'

PLUTONIUM 244 AS A COSMOLOGICAL
CHRONOMETER

Study of the content of plutonium-244 and iodine-129
in the solar system permits refinement of the picture
of nucleosynthesis and the formation of the solar sys-
tem.

The 2 4 4Pu/2 3 8U ratio was determined by Wasserburg,
Huneke, and BurnettC22] in 1969 in the uranium-rich
mineral whitlockite from the St. Severin meteorite

= 0.035 ± 0.006. The uniform model of

'"'Attempts to observe 2 4 4Pu fission tracks in the same California
bastnasite did not yield positive results [ 2 1 ] .
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Fowler and Hoyle gives for this ratio (see Eq. (22))
the value

(25)

0.010 ±0,002

for δ = 0.1 χ 10β years. The exponential model leads to
the same result.

This discrepancy of a factor of 3.5 led to Fowler to
suggest the "explosion" of the sudden r process of nu-
cleosynthesis, which occurred immediately before the
formation of the solar system"1 1 (Fig. 5). Such an ex-
plosion is acquired in order to produce enough 244Pu,
since this cannot be achieved in continuous nucleosyn-
thesis prior to formation of the solar system. However,
chemical fractionation providing an enrichment of plu-
tonium relative to uranium by roughly a factor of three
in the formation of the mineral whitlockite could remove
the discrepancy in the relative yield ( M 4 P U / 2 3 8 U ) M with-
out introducing a sudden flash of nucleosynthesis before
formation of the solar system. The question is what is
the true (unfractionated) value of ( M 4 Pu/ 2 3 8 U) M . Podo-
sekt 2 3 ] recently found for the entire St. Severin meteo-
rite ( Μ 4 ΐ ν 2 3 8 υ ) Μ = 0.015 ± 0.0014. TTiis may indicate
significant fractionation in the mineral whitlockite,
which is a lesser component of the entire meteorite.

In the table we have listed the parameters which are
sufficiently reliable at the present time and which can
be used to construct a model of nucleosynthesis.

From the data shown it is easy to see that the model
of a single sudden synthesis at t = Δ' (without introduc-
ing continuous synthesis up to the formation of the solar
system) leads to contradictory results.

In fact, from Eq. (21)

£_£.-**- .̂ (26)
Hence, for example, for 2 3 5U if we take δ = 0.1 x 10e

years we obtain the value (2 3 5U/2 3 8U)M = 1.66, which is
five times the value observed. For ( ^ P u / 2 3 8 ! ^ t h e

discrepancy is even greater.

The discovery of M 4Pu on the Earth in detectable
quantities gives an additional basis for rejecting the
model of a single sudden synthesis which occurred long
before the formation of the solar system (at a time t
= Δ' > 6 billion years ago).

Thus, we must assume that the r process of nucleo-
synthesis proceeded continuously for a long period of
time up to the formation of the solar system, and in
what follows we shall consider the model of continuous
exponential synthesis whose moment of termination co-
incides with the moment of formation of the solar sys-
tem11» (Fig. 6).

From Eq. (18) for the ratio of the yields of two ele-
ments Ax and A2 at the moment of formation of the me-
teorites we obtain

n ) I t is possible also to introduce an additional flash of nucleosynthesis
directly at the moment of formation of the solar system; however, the
relative contribution of this flash to the yield of 2 4 4Pu, as Fowler has
shown, is small (2.5 ± 1.5%) if we accept the data of Podosek for the
St. Severin meteorite.

First let us determine δ—the time between the forma-
tion of the solar system and the solidification of the me-
teorites.

For this purpose let us take two relatively short-
lived nuclear chronometers: 244Pu and 235U.

Assuming λ244 » 1/T*, λ235 » 1/T* and ε'λ244Δ

« ε" Δ /Τ*, we obtain

/f^Pu\ _.««*. 4№Μ,-χ»5)[λ»5. /<,Q\

Hence, using the data in the table, we find

6 = (0.06 ± 0.03) -10" years (29)

As has been noted above, the value of δ can also be
determined from the data on ( 1 2 9 I / 1 2 7 I ) M ·

If we take for the ratio of the production rates
a i2s/ a i27 t n e value given in the table, then for the uni-
form modelC12] we have

(29a)

Then from Eq. (24) we find δ = (0.10 ± 0.02) χ 109

FIG. 5. Chronological model of
. the r process of nucleosynthesis on
the assumption of a sudden flash of
synthesis before formation of the
solar system. 1 -Exponential galac-
tic synthesis, 2—explosion of a
supernova in the region of the
solar system?

I Meteorites
Formation of Formation of Present moment
the galaxy the solar system

2 « P U

238 U
235TJ

23<Th

127J

Ratio of yields

At present
(P) "

10-"

(7.25±0.01)-10-3

4.0+0.2*·)

At time of formation of
meteorites (M)<4.6± 0.1)
X JO' years ago

0.0154±0.0014

0.313+0.02tl

2.48±0.15

(0.9±0.2)-10-»

Ratio of rates of produc-
tion in the r process
»A,/«A,<O)

0.(1+0.1

1.4+0.2·)

i.65+0.15

1.5±0.5···)

*With allowance for the effect of decrease in yield in the r process of odd A.
"Zartman and Wasserburg [M] found ( a 2 Th/ 2 3 s U)p = 3.9 ± 0.1 in old North

American volcanic rocks. Steiger and Wasserburg ["] found (2 MTh/"8U)p = 4.0 in
Canadian rocks. The value ("^Γη/^ΊΟρ = 4.2 was found in moon rocks.

"•Fowler found ai»/ai27= 1.52 ± 0.50, interpolating the r-process yields of
1 MTe, 1 MTe, and 13aTe.

FIG. 6. Variation with time of
the relative concentration 2 4 4 Pu/ 2 3 8 U. % l0

1-Continuous synthesis, 2-end of
nucleosynthesis, 3-sudden syn-
thesis, 4-formation of the solar
system, 5-formation of meteor-
ites.

«I'-

9 7 5
t, Billions of years ago
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years. Comparing this value with the value of δ obtained
from the ratio (li*iPa/zmV)M, for calculation of the dura-
tion Δ and characteristic time T* we shall take δ
= (0.09 ± 0.03) xlO 9

years.

From Eq. (27) we have

(30)

(31)

Substituted the values given in Table I and δ
= (0.09 ± 0.03) χ 10" years and solving Eq. (30) for Δ
and T*, we obtain Δ = 6.0 ± 2, T* = 12.0 ± 5 (in units of
10s years).

These quantities,

6 = (0.09 ± 0.03) -10» y, T* = (12.0 ± 5) -109 y,

Δ = (6.0 ± 2) -10» y, ess = (4.7 ± 0.1) .10» y,

θ 0 = (10.7 ±2)-10» y,

completely determine the model of nucleosynthesis.

Thus, we see that investigation of traces of plutonium-
244 in meteorites, in the Earth, and on the moon permits
not only improvement of the model of nucleosynthesis
but also a substantial extension of the picture of the ori-
gin of the solar system. The most remarkable thing in
this extension is that, in the first place, the moment of
termination of nucleosynthesis, it turns out, cannot be
too far removed from the moment of formation of the
solar system and, in the second place, all of the bodies
of the solar system (at least the meteorites, the Earth,
and the moon) were formed simultaneously on the cos-
mological time scale in time less than or of the order
of hundreds of millions of years (6 < 108 years) (Fig. 7).

"God created the world in one day!"

PLUTONIUM-244 AND NUCLEAR STABILITY

In this chapter in connection with the discovery of
plutonium-244 on the Earth in detectable quantities we
discuss the possibility of variation of nuclear stability

UNITED STATES

ATOMIC ENERGY COMMISSION
WASHINGTON D C. fOWf

February 16, 1970

Professor Konstantin Petrzhak
Joint Institute for Nuclear
Research

Dubna, Moscow, USSR

Dear Professor Pelnhak:

During my visit to Dubna on September 28, 1969.
I recall your interesting evaluation of the U-23S/2JJ
ratio In some forty meteorite samples analyzed in the
Soviet Union. i have enclosed a copy of an article
that appeared in the January 20, 1970, edition of the
U.S. Magazine "Science" that provides a similar analysis
for the U-Z3S/M8 ratio obtained from lunar rocV samples
returned by the Apollo-11 astronauts.

I would be very interested in hearing whether this
missing link, about which you inquired during my visit
to Dubna, now confirms your hypothesis that "God did
create the world in one day."

Sincerely,

Glenn T. Seaborg

in the past as a consequence of variation of the univer-
sal constants.

We cannot fail, however, to discuss an additional pos-
sibility of retaining 2 4 4Pu on the earth in detectable quan-
tities, although this possibility does not fit into the usual
ideas of the constancy of physical laws. If we assume
that the rate of radioactive decay changes with cosmo-
logical time and that Pu-244 in the past had a greater
half-life, i.e., was more stable, then it would not be
surprising that it was preserved until the present time.

Recently DaviesC2e] of Cambridge analyzed the possi-
bility of variation of nuclear stability in the past and the
effect of such variation on the qualitative aspects of the
Universe.

Two-nucleon systems. The simplest nuclear system,
as we know, is the deuteron. In this system each nu-
cleon can be considered as moving in some rectangular
potential well of depth V and width b. The zero kinetic
energy is determined by the uncertainty principle as
7r2/4MNb2 (in units Κ = c = 1), where Mfj is the nucleon
mass. If V falls off more rapidly than 1/b2, the system
is unbound. If Vb2 > ir2/4MN = 5.2 χ 10"14 cm, then the
two-nucleon system will be bound. For the triplet state
of the two-nucleon system (the deuteron) we have Vb2

« 7.3 x 10"14 cm and the deuteron therefore turns out to
be a bound system, but rather loose. For the singlet
state Vb2 « 4.5 x 10"14 cm, and since the dineutron and
diproton can exist only in the singlet state, they turn
out to be just barely unbound.

A change in nuclear forces by a few percent may
turn out to be sufficient to unbind the deuteron or, on
the other hand, to bind the diproton or dineutron.

A calculation shows that a decrease in the coupling
constant of the strong interaction gg by 5% is sufficient
for the binding energy of the deuteron to vanish and for
it to cease to exist in nature as a stable nucleus. This
would seriously change the principal nuclear reaction
in stars and the entire nuclear synthesis in cosmology—
the content of hydrogen in the universe would be 100%.

On the other hand, Freeman Dysont271 pointed out the
importance of the fact that the diproton is unbound. A
calculation shows that an increase in gs of only 2% would
be enough to bind the diproton. If the diproton (2He) were
bound, there would occur in stars not the slow weak in-
teraction p + p - * D + e+ + f, but the fast strong interac-
tion ρ + ρ — 2He + γ and the subsequent spontaneous de-
cay ^ e — 2H + e* + ν would not decrease the rate of
burning of hydrogen with formation of diprotons, so that
the entire process would occur in the form of an instan-
taneous explosion. Hydrogen would burn with catastrophic
rapidity even in the early universe.1 2 1

The fact that no such explosion occurred even in very
remote time means that the diproton was not bound even
in the earliest epoch of the universe, i.e., in this epoch
nuclear forces could not have been greater than their
present value by 2%. This imposes a severe limitation
on the possibility of a decrease with time of the strong
interaction constant gg:

4.lO-i2 y"1 (32)

FIG. 7

12)Stability of the diproton also would change nucleo synthesis in the

hot model (see above). The unjverse would contain 100% (*He + D

+ 3He).
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Many-nucleon systems. Radioactive decay. If we turn
to discussion of many-nucleon systems, it turns out that
study of their stability permits limits to be obtained on
the change with time not only of nuclear forces but also
of Coulomb repulsive forces, since the stability of heavy
nuclei is determined, as is well known, by the competi-
tion of these forces.

Expressing the effect of strong interactions (nuclear
forces) in terms of a surface tension Σ (the liquid-drop
model) and assuming that it is proportional to gg, we
obtain the relation

(33)

(where r o « 1.2 x 1O'IS cm, e is the electronic charge),
which is the criterion of stability of a nucleus with
atomic weight A and charge Ze with respect to sponta-
neous fission or a decay.

If e2 is constant, the curve Z2/A = (gs/gg0))4 (gc0) de-
notes the present value of the constant gg) separates
the region of stable and unstable nuclei for various gg.
From Fig. 8 we can see that for a decrease of gg by
25% biologically important elements such as iron be-
come unstable. A 50% decrease in nuclear forces seri-
ously changes the stability of even carbon.

These arguments limit the possibility of an increase
with time of the constant gg, although the models used
for the evaluations can be shown to be not very rigorous.

Broulik and TrefilC28] (1971) noted that it is also pos-
sible to obtain an estimate of the limit of the possible
decrease of gg with time (or increase of e2) if we utilize
unstable nuclei not encountered in nature but which have
rather large half-lives (T1 / 2 ~ 107 years). If gg was
greater (or e2 less) in the past, there could be a time
when these elements were stable against a decay. How-
ever, this time cannot be less than « 10T1/2 years ago,
or else a yield of these elements would be observed at
present.

Broulik and. Trefil selected plutonium-244, which in
July 1971 was the best candidate for such an estimate
since it has the longest half-life of the short-lived iso-
topes and had not been found on Earth at that time.

The limit obtained by them is

g% it
< 2.3.10"" y" 1 for e2 = const,

gk = const.
(34)

However, as we know, just four months later in Novem-
ber 1971 244Pu was found in bastnasite. This of course
cannot be considered as an indication of a change of the
constants gg or e2, but this estimate of the limit of vari-
ation of gg (on the basis of 2*4P>u) now leads to an unin-
teresting value of ~10~10 (the argument based on the non-
existence of the diproton is much stronger!).

In regard to the limitsΓ2β1 of possible variation of e2,
Dyson in 1967, in studying the j3 decay
ready obtained stricter limits

•'Re

J-ifl^-iLio-'sy"1 ( 3 5 )

These severe limits were obtained on the assumption
of constancy of the strong-interaction constant: The en-
ergy difference of two nuclides ΔΕ was assumed to de-
pend on time only through the constant e2. In the first

Unstable nuclei

FIG. 8. Nuclear stability as a function of
change in the strong-interaction constant.

W 0.6 OS

Change of strong-interaction

constant g§

approximation, in order to estimate the dependence of
ΔΕ on e2 and gg at the same time, we can consider the
nucleus as a sphere of radius r 0 (a Fermi gas). The
Coulomb energy is obtained by averaging the proton ex-
cess in the nucleus and gives a factor proportional to
Z2ea/r0. The difference in the Fermi energy of the neu-
trons and protons gives a factor proportional to
(l/r2)[(Z/A)2/3 - (N/A)2/3]. Assuming r 0 °c gs

2, we have

(36)

Thus, we see that in the case ΔΕ « 0—the case of
m R e and other elements, it is possible to make ΔΕ a
constant quantity if e2 changes in the same way as g | :

(37)

where t is the time.

In Fig. 9 we have shown the limits of nuclear stability
of "standard" isotopes as a function of the relative
change in the strong and electromagnetic interactions.
In the central part of the figure we have drawn a
straight line corresponding to a variation gg oc e. The
narrow crosshatched band shows the permissible region
of variation of these constants. This band does not ex-
tend without limit, since on the one hand it would cross
the line of stability of uranium-238 in the region of
larger gg and e, and soon after this the diproton line.
On the other hand it is limited by the stability line of
^"Pu. In order to avoid crossing the diproton line even
in the early epoch, the change of gg must be slower, as
shown by the dashed line.

Thus, nuclear stability does not forbid a simultane-
ous small change with cosmological time of the strong
and electromagnetic interaction constants, but greatly
limits this possibility.

HAS THE CONSTANCY OF THE RATE OF
RADIOACTIVE DECAY WITH TIME BEEN PROVED?

Our purpose here is not to discuss the many hypoth-
eses which assume that various fundamental physical
constants actually are changing with cosmological

7Os, al- time,
[30-86]

but the question arises quite naturally, es-
pecially in connection with the discovery of plutonium-
244 in nature: Are there direct proofs of the constancy
of the constants ? One of the best known proofs involves
the study of spectral lines of the remote galaxies. The
set of frequencies of these lines, which arose billions
of years ago, is equivalent to the set of frequencies of
the same lines produced in laboratories on earth. The
difference between the two sets is assigned to the Doppler
red shift. This argument in favor of the constancy of the
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constants may turn out to be even more powerful if it is
confirmed that such cosmic objects as quasars are lo-
cated at cosmological distances from us.

There is another proof which was obtained about 60
years ago.C373 This is the information obtained from the
unique geological phenomenon occurring in certain min-
erals (mica, feldspar) and known by the name pleochroic
halos. Pleochroic halos are colored rings which are
formed around microinclusions of grains of radioactive
materials as the result of emission of a particles by
them. The a particles move in a straight line through
the material, losing energy by ionization, the ionizing
effect reaching a maximum at the end of the range and
then rapidly dropping to zero.

The occurrence of the halos is due to the production
of ions, and the radius of the pleochroic ring in a sheet
of mica determines the range of a group of a particles
of a given energy emitted by the decaying nuclei at the
center of the ring. Thus, the size of the ring is direct
evidence of the magnitude of the a-particle range in the
past, an accurate record of events which occurred hun-
dreds of millions of years ago. For example, if at some
moment of time in the past a small grain of radioactive
uranium-238 was implanted in a biotite medium, it can
produce a chain of successive decays comprising in this
case eight groups of a particles, each of which has a
characteristic energy and consequently a characteristic
range. The mica is chemically darkened at the end of
the range, and over some period of time (~3 million
years) eight concentric dark rings are formed in it.

The range R a depends on the a -particle energy, and
therefore a change in the energy of the a particles in
cosmologically long periods of time should lead to a
change in the ranges of the a particles. Furthermore
if the Geiger-Nutall law In Ra = A + Β In λ is valid for
long periods of time, the variation of the range of the
a particles can indirectly give the change in the rate
of radioactive decay.

Therefore the comparison of old radii of halos with
the equivalent present-day ranges can reveal any change
in the decay constants λ. Such a comparison has been
made by a number of authors[ 3 8 > 3 9 : about 40 years ago.
However, as was shown recently"0 3 by Richard Spector
of Wayne State University, these measurements not only
do not establish the constancy in time of radioactive de-
cay constants, but in some cases even may indicate the
opposite. Henderson"8 1 in 1934 used for measurement
of the size of pleochroic rings a specially designed pho-
tometer in combination with a microscope.

Micas from Precambrian and Devonian rocks were
investigated (ages from 500 to 300 million years). Here
the comparison of the ranges in these ancient micas
with contemporary α-particle ranges was not made di-
rectly by Henderson, but was made by conversion of the
ranges in mica to the equivalent ranges in air. This re-
quired introduction of an air-mica conversion coefficient.
Normalizing one range in mica to bring it into agree-
ment with the equivalent range in air, i.e., once deter-
mining the empirical air-mica conversion factor, Hen-
derson announced general agreement within 3% between
the old and contemporary ranges for many tens of pleo-
chroic rings of thorium and uranium. Agreement of the
ranges with this accuracy at that time could be consid-
ered a convincing proof of the constancy in time of a
decay, since the age of the universe was then taken as
0p = 2 χ 109 years and for Precambrian micas it was
natural to look for a discrepancy AR/R ~ At/t ~ 25%
and for Devonian micas ~15%. Now higher accuracy
is necessary, since it is necessary to look for a discrep-
ancy AR/R ~ 5% for Precambrian micas and AR/R ~ 3%
for Devonian micas.

However, the real situation regarding the early stud-
ies of pleochroic rings is even more complicated. It
turns out that Henderson did not take into account the
dependence of the air-mica conversion factor on the en-
ergy of the a particles, while recent studies11413 have
shown that the air-mica conversion factor changes with
increase of energy in the region of α-particle energies
from 4.5 MeV to 7.5 MeV by more than 7%. Allowance
for this dependence, as shown by Spector,c403 leads to
a deviation of several percent of the old ranges (ac-
cording to Henderson's measurements) from the con-
temporary ranges.

It is clear from this that the early measurements of
pleochroic halos can be considered a proof of the con-
stancy of the rate of radioactive decay only with an ac-
curacy of no better than 7-10%, whereas to check the
hypothesis of variability of the constants it is necessary
to have measurements whose error does not exceed
1-2% at the most.

CONCLUSION

Observation of traces of plutonium-244 and also of
1 2 9I and other extinct nuclides ih the solar system sub-
stantially clarifies the picture of nucleosynthesis in our
galaxy. Regardless of whether the formation of the ele-
ments occurs in a continuous synthesis process right up
to the origin of the solar system or with an additional
flash of sudden synthesis directly at the time of forma-
tion of the solar system, the principal conclusion re-
duces to the fact that all nucleosynthesis occurs not in
the early stages of the expansion of the universe but dur-.
ing an extended period of time after the formation of the
galaxy. In the model of continuous exponential nucleo-
synthesis, as we have seen, its duration amounts to Δ
= 6.0 billion years

Another important conclusion regards the possibility
of determining the time interval between the nucleosyn-
thesis and the formation of the Earth and meteorites:
δ = 108 years. This value turns out to be rather small
in comparison with the duration of nucleosynthesis.

Since short-lived isotopes provide useful information
on the early history of the solar system, it would of
course be desirable to extend the list of such chronom-
eters as Pu-244 and 1-129. Recently, for example, it
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was shownt42] that the isotopes ^ P b (T1 / 2 = 1.5 x 107

years) and 14eSm (T1 / 2 = 1.2 χ 10β years) may turn out
to be very promising chronometers (they are formed
in the s and ρ processes of nucleosynthesis, respec-
tively).

It is interesting also to consider the chronological
possibilities of a47Cm (Tx / 2 = 1.6 χ 107 years), which is
formed like M 4Pu and 1 2 9I in the r process of nucleosyi
thesis. C 4 3 ' 4 8 ]

The nucleus Μ7<Γΐη decays into 2SSU, and therefore an
indication of the presence of M7Cm at the moment of
formation of the solar system may an anomaly in the
isotopic composition of uranium—an excess of uranium-
235 relative to uranium-238. This excess can become
significant if there is a major chemical fractionation of
MTCm relative to uranium-238 in the formation of me-
teor itic material. Chemical fractionation substantially
affects the content of actinides in the material of the
solar system, and if this effect is not taken into account,
the data on the yield of these elements in nucleosynthe-
sis turn out to be uncertain.

To construct a model of nucleosynthesis it is neces-
sary, of course, to know the true, unfractionated values
of ("MPa/a*lU)M and (2 4 7Cm/2 3 8U)M. In this respect the
observation of U-Cm fractionation could give additional
confirmation of the assumptions made in chronological
investigations on the behavior of plutonium-uranium
fractionation.

Podosek and Lewis"4 1 found for the concentration of
plutonium-244 in white inclusions in the Allende meteor-
ite the value ^ P u / ^ U = 0.087, which is difficult to ex-
plain with current cosmochronological ideas (see above).
Comparison of this value with the result"·23-1 for the en-
tire meteorite suggests an enrichment of plutonium 5-6
times in this sample relative to the unfractionated val-
ues. The chemical behavior of the actinides is such that
uranium-curium fractionation is greater than uranium-
plutonium fractionation, and therefore we should expect
in this meteorite an appreciable anomaly in the U235/
U2 3 8 ratio.

Another important consequence in study of traces of
M 4Pu in meteorites can be obtained if we assume that
the temperature at which uranium-curium fractionation
was frozen is higher than the temperature at which the
meteorite retains xenon. In this case the excess 235U
will depend on the magnitude of the time interval be-
tween the moment of freezing of fractionation and the
moment of retaining xenon, i.e., on additional details
of the early history of the solar system.

Five actinide isotopes (232Th, 235U, 238U, M 4Pu, and
247Cm) permit information to be obtained on the production
of elements in the r process in a significant mass re-
gion, and also to improve the picture of origin of the
celestial bodies of the solar system on the time scale.
For the latter we are indebted first of all to the study
of traces of the short-lived nuclides 1 2 Ί and M 4Pu on
the Earth, in the meteorites, and on the moon. However,
we should also not forget that the large uncertainty in
the experimental data on the content of M 4Pu in meteor-
ites and the unexpected observation of this isotope on
the Earth in detectable amounts still leave the possi-
bility of explaining these data by means of the hypoth-
esis of noninvariance of radioactive decay with respect
to cosmologically long time intervals. If the rate of
radioactive decay changes with cosmological time, then

the picture of nucleosynthesis and the origin of the solar
system is complicated significantly.13' In order to reject
this possibility experimentally, it would be desirable in
particular to carry out a reinvestigation of pleochroic
rings at the present level of experimental technique.

In conclusion the authors express their sincere in-
debtedness to Ya. B. Zel'dovich for his timely and ap-
plicable remarks and to L. E. Gurevich for extremely
helpful discussions and stimulating observations. We
also thank S. B. Pikel'ner for informing us of his work
and K. A. Petrzhak for providing us with Glenn Sea-
borg's letter and for a discussion.
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