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Nuclear Clues to the Ear 

History of the Solar Syste 

Light nuclei were synthesized before planet; 
material had entirely separated from hydrog 

William A. Fov 

The space age cometh, and with it 
come the problems associated with re- 
sponsible scientific endeavor. There are 
those who wish to "climb" to the outer 
reaches of the solar system just because 
it is "there." This is the motivation of 
the mountaineer vis-a-vis mountains. It 
will probably satisfy the space explorer 
and discoverer in the new adventure, 
but it will not satisfy the scientist. The 
scientist must still ask the additional 
question, "What are we going to learn 
in space research?" This article will not 
suggest a general answer to this ques- 
tion. It will attempt to lay the back- 
ground for two questions to which we 
might hope to obtain partial answers. 
The first question is this: What were the 
nuclear processes which synthesized the 
chemical elements in the matter which 
makes up the sun, the earth, the other 
planets, and the meteorites-in short, 
the matter of the solar system? This 
leads to a second question: Are there 
clues in nucleosynthesis to the events 
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may be from the moon. Alternatively, 
they may represent material splashed 
from the surface of the earth in a col- 
lision with another object and returned 
to the earth by its gravitational pull. In 
any case, we have been able to make 
direct observations only on very special 

ni samples of solar-system material. 
These direct observations have been 

supplemented by astronomical observa- 

ary tions in which spectroscopic techniques 
for differentiating one element from 

;en. another have been employed. Unfortu- 

nately, only in rare instances-for ex- 

vler ample, differentiation between C1' and 
C12-have isotopes been differentiated. 
Nevertheless, by the analysis of emitted, 
absorbed, and reflected light, much has 
been learned concerning the composi- 

; the early his- tion of the surface or atmosphere of the 
sun, the moon, and the planets. The 

nuclear compo- composition of the interstellar and inter- 
iaterial is basic planetary medium has also been studied. 
concerning the Much has been learned, but not enough. 
'efore the com- In fact, it can be fairly said that what 
geological struc- we have learned has raised more ques- 
i be completely tions than it has solved. We have some 
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ng to the many of the solar system, but that is all. Ex- 
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lents and their ments will soon be landed on the moon 
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of each of the niques by which information on the 
throughout the nuclear composition of the landing sur- 

faces can be ascertained and sent back 
time we have to the earth. Eventually we will be able 

i our efforts to to obtain samples of lunar and plane- 
ns on nuclear tary matter. That will be the day! 
l1 directly avail- In the meantime, let us consider one 
L in a thin layer promising technique for obtaining in- 
that in the me- formation by landing instruments on the 
The meteorites surface of the moon or planets. For 

eroidal belt and years in our nuclear laboratory at Cali- 
rnts from the fornia Institute of Technology we have 
^ from the col- analyzed the composition, by atomic 

in that region mass, of the surface layers of target 
this is the case, materials by scattering energetic pro- 
y tell us more tons, alpha particles, and other light 
?ar composition nuclei from these targets (1). In elastic 

the solar sys- scattering the recoil energy of the scat- 
ly differentiated tered particle is a certain fraction of 
ust. The tektites its incident energy which depends on 

1037 



the ratio of the mass of the scattering 
nucleus to that of the scattered particle. 
For example, in the case of backward 
scattering, through an angle of 180 de- 
grees, the recoil energy Erec is related 
to the incident energy Ein, according 
to the equation 

Erc/Einc = (Mo -_ MI)2/ (Mo 4- M? )2, 

where Mo > Mi, Mo is the mass of the 
scattering nucleus, and M1 is the mass 
of the scattered nucleus. In the case 
M,l Mo, the foregoing expression can 
be used but the incident nucleus con- 
tinues forward instead of reversing its 
direction during the collision. 

There is nothing mysterious about 
this equation; it follows directly from 
the conservation of energy and mo- 
mentum. It is well known that a billiard 
ball stops dead in a direct hit with no 
English on a similar billiard ball: Er,e = 
0 for Mi = Mo. In an elastic recoil 
from a very heavy object, the billiard 
ball recoils with approximately its full 

energy: Eree/Einc 1 for Mi << Mo. 
Thus, the spectrum in energy (or veloc- 
ity, or momentum) of the scattered 
nuclei of known mass reveals the other- 
wise unknown mass or masses of the 
target nuclei. This yields a unique de- 
termination for light nuclei, and even 
for heavier nuclei where isobars occur 
(those with atomic mass A = 36 and 
higher), the resulting ambiguity is the 
least of the difficult practical problems 
encountered even in laboratory appli- 
cation of the technique. I shall not elab- 
orate upon these difficulties here. The 
important point is that a technique, 
simple in principle and involving no 
chemical or mechanical processing of 
the material, is available for the study 
of the nuclear constitution of plane- 
tary and satellite surfaces. Material at 
greater depths can also be studied, in 
situ or on being transferred to the sur- 
face. A group under A. Turkevich (2) 
at the University of Chicago is re- 
portedly designing and developing appa- 
ratus for applying this technique in 
space research. 

Origin of Nuclear Species 

The remainder of this article is de- 
voted to an account of a recent devel- 
opment in nuclear astrophysics which 
tells us something about the early his- 
tory of the solar system. To begin at 
the beginning, it is necessary to recount 
current ideas concerning the origin of 
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the nuclear species in the solar system, 
and this in turn requires some account 
of the origin and history of the Galaxy 
in which the solar system resides. 

When we look out beyond the con- 
fines of the planetary system which sur- 
rounds the sun, we see our Galaxy as 
the majestic assemblage of stars which 
we call the Milky Way. We look at the 
Milky Way edge on, from a position 
approximately half-way out from the 
center of the Galaxy. The stars in the 
Galaxy populate a flat, disk-shaped 
structure with a spherical nucleus from 
which radiate several spiral arms trail- 
ing the direction of rotation. Twenty 
billion years ago our Galaxy was vastly 
different. It was then a rotating extended 
cloud of gas hanging nebulous and dif- 
fuse in space. The gas consisted of hy- 
drogen, which is the lightest of all the 
elements. That a small amount of heli- 
um or heavier elements was also pres- 
ent cannot be absolutely ruled out, but 
for the moment the simplest hypothe- 
sis is that the primordial gas of the 
Galaxy was pure hydrogen. We do not 
know today whence this hydrogen came. 
It may have been created by processes 
we do not understand at the start of the 
expanding universe, as some believe, or 
it may be that hydrogen has been and 
is still being constantly created in a 
steady-state universe, as others believe. 

It may also be that, during its life- 
time, the Galaxy has continuously ex- 
changed material with the intergalactic 
medium. We do not know whether our 
Galaxy is an "open" or "closed" sys- 
tem. These problems need not concern 
us here. The basic nuclear processes in 
the stars of the galaxy do not depend 
critically on small contaminations in 
material principally composed of hydro- 
gen in any case. 

In time, the hydrogen gas in some 
regions in the Galaxy collected to form 
the first stars of the system, and this 
process of star formation has contin- 
ued until the present. The sun was 
formed 4.5 billion years ago, relatively 
late in the lifetime of our 20-billion- 
year-old Galaxy. 

Upon condensation, the material of 
a star heats up as gravitational energy 
is converted into internal thermal ener- 
gies, and the condensation continues 
until the temperature becomes high 
enough (107 ?K) for nuclear burning to 
occur. In the first-generation stars this 
nuclear burning converts the pure hy- 
drogen into helium by a series of nu- 
clear reactions which have been ex- 

tensively studied experimentally and 
theoretically. The overall process can 
be symbolized as follows: 

4 H' -> He&. 

Hydrogen is the fuel, and helium is the 
ash. The onset of the hydrogen burning 
(nuclear, not chemical) releases ener- 
gy, the internal temperature and pres- 
sure rise, and the gravitational collapse 
is stopped. The star is stabilized with 
an internal fusion reactor as its source 
of energy, and it shines steadily forever 
after-or almost forever! Eventually, 
even the prodigious nuclear energy 
source is exhausted; the central hydro- 
gen is all converted into helium, which 
does not burn at the temperature at 
which hydrogen is consumed. Hydro- 
gen nuclei or protons have a single 
positive charge equal in magnitude to 
the charge of the electron. Helium nu- 
clei are doubly charged, and greater 
relative velocities, and thus greater tem- 
peratures, are required to bring them 
close enough together for fusion against 
their mutual electrostatic repulsions. At 
this point, gravity takes over once again 
and contracts and heats the inner helium 
core of the star until the temperature 
at which helium burning begins (10' ?K) 
is reached. The helium burning results 
in the production of carbon. The proc- 
ess takes place through the transient 
formation of short-lived Be8 in the col- 
lision of two He4 nuclei. In rare in- 
stances, before it breaks apart, the Be8 
captures a third He4 nucleus to form 
stable C"2. The over-all process can be 
symbolized by 

3 He4 -- C". 

The production of helium and car- 
bon in successive stages from pure hy- 
drogen will serve as an example of the 
nuclear processes by which, it is now 
known, all of the isotopes of the heavier 
elements-those beyond carbon in the 
periodic table, including unstable trans- 
uranic elements-can be synthesized, 
with hydrogen as the basic building 
block. As successive nuclear processes 
take place, the composition of a star 
changes and the star is said to evolve 
as its internal structure and external 
appearance vary in response to the 
composition changes which develop in 
various layers of its interior. The hydro- 
gen burning occurs in the stellar core 
during the main-sequence stage of stel- 
lar evolution; the helium burning and 
the burning of heavier nuclei occur 
during the red-giant stage. During this 
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last stage, hydrogen burning continues 
outside the helium core. 

It is essential, from the point of view 
of stellar nucleosynthesis, that insta- 
bilities should arise during the evolu- 
tion and aging of a star. Stellar insta- 
bilities are indeed observed, the most 
spectacular being supernova events in 
which a star almost completely ex- 
plodes and distributes its transmuted 
material to interstellar space. This 
material is then mixed with the 
uncondensed hydrogen gas in the Gal- 
axy and thus is available for conden- 
sation into later-generation stars. In 
this way the heavy elements in the solar 
system were produced-not by the sun 
itself but by nuclear processes in count- 
less stars which formed and died long 
before the sun came into being. The 
sun itself has been steadily converting 
hydrogen into helium since its forma- 
tion, but this helium is still at the sun's 
center. What we see in the solar atmos- 
phere is unburned primordial hydrogen 
(- 90 percent, by number) plus the 
nuclear debris from a long period of 
previous stellar activity. A detailed ac- 
count of this general point of view con- 
cerning the origin of the elements has 
been given by Burbidge, Burbidge, Fow- 
ler, and Hoyle (3), and I have given a 
nontechnical account (4). The an- 
nouncement of a comprehensive scheme 
for the origin of the nuclear species by 
means of nuclear reactions in stars was 
first made in Science in 1956 (4a). The 
planets presumably formed from mate- 
rial similar to that in the primitive solar 
atmosphere. Condensation separated 
the solids from the hydrogen and other 
gases that were preponderant in the 
primitive material. 

The outstanding exceptions in this 
chain of nuclear synthesis are the light 
nuclei other than He4. It is fairly well 
established that He8 is of secondary, 
radiogenic origin in terrestrial proc- 
esses. No stable nuclear forms exist 
at mass 5 or mass 8. However, it has 
long been known that severe difficulties 
stand in the way of any theory (5) of 
the origin of deuterons (6) and of the 
isotopes of lithium, beryllium, and bo- 
ron in terms of thermonuclear reactions 
in the interiors of stars. The problem 
of finding a mechanism for the synthe- 
sis of these light nuclei is a very diffi- 
cult one, since D2, Li?, Li7, Be9, Bl, and 
B1 would be rapidly destroyed in hy- 
drogen burning in stellar interiors even 
if it is granted that they are produced 
at all. In the over-all process 4H1 -> 
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He', in main-sequence stars, D2 is pro- 
duced in equilibrium abundance given 
by the ratio D2/H' 10-~7, a very small 
value compared to the terrestrial ratio 
D2/H1- = 1.5 X 10-4. In helium burning 
(symbolized by 3He' -> C'?) in giant 
stars, the stable isotopes of lithium, 
beryllium, and boron are bypassed. 
Thus, the production of these nuclei 
does not lie in the main line of element 
synthesis. The low abundance of these 
light nuclei attests to this. 

It has been realized, as a conse- 
quence, that the synthesis must almost 
certainly occur through spallation by 
high-energy, nonthermal particles inter- 
acting with relatively cool material of 
moderate density, irrespective of the 
detailed astrophysical environment in 
which it takes place. (I use the term 
spallation throughout this article to 
cover all mechanisms of production of 
deuterons, lithium, beryllium, boron, 
and other nuclei at high energy. Thus, 
the products of spallation include those 
ejected directly from nuclei, those which 
result from evaporation processes, and 
those remaining as residues after the 
direct-ejection and evaporation proc- 
esses have ended.) The production of 
deuterons, lithium, beryllium, and bo- 
ron nuclei by spallation of heavier nu- 
clei in the cosmic radiation is an exam- 
ple. We take it that terrestrial and me- 
teoritic deuterium, lithium, beryllium, 
and boron were produced in a similar 
way. The deuterium resulted, for exam- 
ple, when the spallation produced deu- 
terons combined with electrons to form 
neutral atoms. When I use the term 
deuterium below, I imply the atomic 
processes subsequent to the primary 
nuclear processes. 

Astrophysical Setting 

The angular momentum of the solar 
system resides principally in the plan- 
ets, not in the sun. Hoyle (7) has sug- 
gested that the primitive condensing 
sun transferred its angular momentum 
of rotation to the planets by means of 
a magnetic torque coupling between 
the solar condensation and the disk of 
primitive planetary material. This trans- 
fer swept away the hydrogen, helium, 
and other gases which constituted the 
bulk of solar material and left behind 
those solid bodies or planetesimals 
which formed by condensation at the 
low ambient temperatures (130? to 
200?K). These planetesimals ultimately 

aggregated to form the planets. In the 
angular-momentum transfer, magnetic 
energy of the order of 5 X 1045 ergs 
was dissipated in a sequence of power- 
ful solar flares similar to those which 
occur on the surface of the present sun. 
A characteristic of the solar flare is 
that the stored energy of the magnetic 
field is converted into the energy of 
high-speed particles with surprising ef- 
ficiency, as high as 10 to 20 percent. 
Because the lines of the magnetic field 
passed directly from the solar conden- 
sation to the partially ionized planetary 
gases, accelerated particles traveled 
readily outward, spiraling about the 
lines of force, from the sun to the 
planetary material. The high-energy 
particles were not dissipated isotropical- 
ly in space. 

Thus, the solid condensations, im- 
mersed in the out-flowing gas, were 
bombarded by highly energetic particles, 
largely protons. The total energy of 
this bombardment was of the order of 
10"5 ergs. The angular-momentum trans- 
fer and the acceleration and bombard- 
ment processes occurred in a period of 
the order of the Kelvin-Helmholtz esti- 
mate for contraction of the sun, an in- 
terval of approximately 107' years. The 
dissipation rate was thus - 10"3 ergs 
per year. At the present time, the sun 
emits high-energy particles with total 
energy equal to ~ 1081 ergs per year. 
Thus the early, active sun dissipated 
energy in the form of fast charged 
particles at a rate approximately 10' 
times as high as that observed at the 
present time. These fast particles pro- 
duced spallation products and neutrons 
in the surface layers of the small plane- 
tesimals orbiting about the sun. These 
planetesimals were destined eventually 
to form the planets and the parent 
bodies of the meteorites. The high-en- 
ergy particles also produced spallation 
products and neutrons in the surface 
layers of the sun, but this interesting 
aspect of the over-all process will not 
be discussed in detail here. 

The discovery of Bonsack and 
Greenstein (8) that the surface layers 
of the T Tauri stars contain more than 
ten times as much lithium as the neb- 
ular material from which they formed 
supports this theory of stellar nucleo- 
synthesis. The T Tauri stars are stars 
still in the process of formation, and it 
is suggested that the lithium has been 
produced in or near their surfaces by 
irradiation of the condensing material 
by high-energy particles. It is presumed 
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that the T Tauri stars have not yet de- terium, lithium, beryllium, and boron 
veloped outer convective layers which nuclei that I have mentioned suggest 
mix to high enough temperatures to de- that the primitive material from which 
stroy the lithium which has been pro- the solar system formed did not neces- 
duced. Our sun probably passed through sarily contain these nuclei. They were 
a stage similar to that through which produced by processes in the planetary 
the T Tauri stars are now passing. The material itself during the early history 
difficulties in the synthesis of deu- of the solar system. 

Synthesis of Lithium, Beryllium, Boron 

It is well here to examine the abun- 
dances and cross sections listed in 
Table 1. In column 2 the meteoritic or 
terrestrial abundances of interest are 
listed. The abundances are given rel- 
ative to the usual standard, silicon = 

Lj6e 
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K 
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Fig. 1. Typical spallation and neutron processes induced in the planetesimals by high-energy protons from the sun. The top proton 
reaches the end of its range without interaction. The second proton interacts with an O16 nucleus to produce several protons (p) 
and neutrons (n), an alpha particle (a), and a Li6 nucleus. The path of one of the neutrons is shown in detail. After scattering and 
thermalization it is captured by a proton in a hydrogen atom to form a deuteron with the emission of gamma radiation. The third 
high-energy proton produces a B10 nucleus among other spallation products. One of the spallation-produced neutrons is captured by 
the Li6 nucleus to yield an alpha particle and a triton (t). The triton eventually decays to He3 through beta radiation. The fourth 
proton interacts with Mg24 to produce Be7, Li8, and so on. The Be' particle captures an electron to form Li7, while the Li8 
particle decays to Be8, which breaks up into two alpha particles. Aneutron interacts with B10 to produce Li7 and an alpha particle. 
The neutron interactions illustrate the depletion of spallation-produced Li6 and B10 and the increase in abundances of He' and Li'. 
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106. Cross sections of products of spal- 
lation are given in column 3. Cross sec- 

tions of products of thermal neutron 
destruction are given in column 5, after 
the appropriate reaction (col. 4). In- 

spection of the abundances of lithium, 
beryllium, and boron nuclei and of the 
cross sections of spallation products 
leads to several interesting conclusions. 
It does not seem reasonable at all, on 
the basis of spallation production, that 
the even-A isotopes Li6 and B10 should 
be so low in abundance relative to the 
odd-A isotopes Li', Be9, and B". The 

finding that abundances of Be9 and B" 
nuclei are approximately equal is not 

surprising, but then why should the 
abundance of Li7 nuclei be approxi- 
mately five times as great? An immedi- 
ate explanation is given on qualitative 
grounds for these otherwise puzzling 
abundance ratios if it is assumed that 
nuclei were subjected to slow neutron 
reactions simultaneously with their pro- 
duction. Then the reactions 

Li0(n,a)T3(-v* )He3 

and 

B?(n,a)Li,7 

which have large low-energy cross sec- 
tions, will decrease the abundances of 
Li' and B?0 and increase those of Li7 and 
He'. The thermal cross sections are 945 
and 3813 barns, respectively. As noted 

previously, terrestrial He' is thought to 
be due to secondary radiogenic proc- 
esses in the earth's crust. (It can be 
shown that the He' produced by spalla- 
tion escapes by diffusion from the 
planetesimals in a relatively short time.) 
The (n,a) reactions on Li7, Be9, and 
B11 are endoergic and do not occur at 
low energy. The (n,y) reactions on 
these nuclei have very low cross sec- 
tions. Some of the spallation and neu- 
tron reactions are illustrated in Fig. 1. 

Thus there would seem to be un- 
mistakable qualitative evidence that the 
isotopes of lithium, beryllium, and bo- 
ron were subject to neutron irradiation 
simultaneously with their synthesis by 
spallation. The existence of neutrons 
occasions no surprise in itself, for the 
spallation reactions themselves produce 
neutrons. 

Quantitative calculations in which 
the lithium, beryllium, and boron cross 
sections and abundances are used lead 
to a value for the neutron flux which 
irradiated the solid planetesimals. This 
irradiation occurred over the period 
T - 10 years (= 3 X 10" seconds) 
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Table 1. Abundances and cross sections. Cross sections are given in barns (1 barn - 10--4 cm2) 
and millibarns (mbarn). 

Meteoritic or Spallation prod- Neutron-destruction products 
Isotope terrestrial ucts, cross R - sect 

abundance section (mbarn) Reaction Cross section 

HI 4 X 103 H'(n,-y)D2 0.33 barn 
D2 0.6 (1.5 X 10-4 H1) 100 D2(n,-y)T3 0.57mbarn 
Lid 7.4 15 Li6(n,a) T3 945 barn 
Li7 92.6 15 LiU(n,) Li 33 mbarn 
Be9 20.0 11 Be9(n,y) Be0 10 mbarn 
B10 4.5 38 B"O(n,a) Li 3813 barn 
B"1 19.5 11 Bl(n,-y)B12 < 50 mbarn 

and millibarns (mbarn). 

during which the contracting sun was 
active in producing high-energy par- 
ticles which in turn produced the neu- 
trons. Since the spallation-product cross 
sections are not too well established ex- 

perimentally (some of those in Table 1 
are estimates), it is necessary to lean 
heavily on all of the abundance data 
and the well-established neutron cross 
sections. However, the calculation can 
be illustrated by using only a few of 
the numbers in Table 1. Consider the 
production of B1" per unit time. If we 
let the nuclear symbol B" represent the 
abundance of B" nuclei, then 

dB' s=n pN dt 

where s. is the spallation-product cross 
section for B" (= 11 millibarns = 11 X 
10-27 cm2) (Table 1); qfp is the flux of 

high-energy particles which induce the 
spallation reactions; and N is the num- 
ber of spallation targets. The abun- 
dances B" and N must refer to the same 
sample of matter. For our purposes it 
is sufficient to take cp,N as constant in 

time, so that 

B" = s=vppNT 

For the case of Bl? the destruction by 
the (n,ao) reaction must also be con- 
sidered. Thus, 

=d so? _ - oq,B10 
dt 

where sio is the spallation-product cross 
section for B'? (= 38 millibarns = 38 
X 10-7 cm2); oio is the thermal neutron 
cross section for B"? (= 3813 barns = 
3813 X 10-" cm'); and 0,j is the neutron 
flux. 

Upon integration, with <p^ as well as 

sPN taken as constant in time, it is 
found that 

B"O =- SoP N [1 - exp (- o,xo?nT)] 

Soo,p N for oionT > > 1 
-'10on 

Using the last approximation for B10, 
which we find to be justifiable, one finds 

B Su 10. nT =r 1100 0nT 10" 
BD -stO 

With B"/B"? = 19.5/4.5 = 4.3, the final 
result for the time-integrated neutron 
flux is .nT = 4 X 102 neutrons per 
square centimeter. Hence, rooT - 15, 
justifying the use of the approximation 
valid for aoionT >? 1. The same value 
for (AnT is found on analysis of the de- 
pletion of Li' and the increase in Li'. If 
T is taken to be 3 X 1014 seconds, the 
thermal neutron flux is then -n =1.3 
X 10' neutrons per square centimeter 
per second. For comparison it may be 
noted that the neutron flux in pile ther- 
mal columns has reached ~ 10?0 n/cm2 
sec. 

Deuteronomy: The Synthesis of 
Deuterons 

With the determination of OnT it be- 
comes possible to make quantitative 
calculations on neutron interactions 
with other nuclei. One of the most im- 
portant of these is the capture of neu- 
trons by protons to form deuterons. The 
cross section for this capture is given 
in Table 1 as o = 0.33 barn. Thus, 
through neutron capture alone, 

D/Ht = ?onPT = 1.3 X 10- 

More detailed analysis indicates that 
this ratio is increased by the direct 
production of deuterons in spallation 
processes to 

D/H1 = o-lnT = 1.3 X 10-3 

It is immediately apparent that this 
value is just an order of magnitude 
greater than the terrestrial-abundance 
ratio given in Table 1: 

DV/H = 1/6500 = 1.5 X 10-4. 

This value is also known to hold ap- 
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proximately for the carbonaceous chon- 
drites, a type of meteorite relatively 
rich in hydrogen. This is strong evi- 
dence that material which formed the 
parent bodies of the meteorites suffered 
the same irradiation as material which 
formed the earth. It is very gratifying 
to find that the neutron irradiation 
which was necessary to give the ob- 
served modification of the abundances 
of Li6, Li7, and B10 was great enough 
to produce a D2/H' ratio greater than 
the terrestrial ratio in the material ir- 
radiated. In fact, this must be an es- 
sential feature of any synthesis for deu- 
terium, lithium, beryllium, and boron 
nuclei, because not all of the terrestrial 
material can have been irradiated by 
thermal neutrons totaling such a num- 
ber that q),,T = 4 X 1021 n/cm2. Other- 
wise, nuclear species with cross sections 
greater than 1000 barns would have 
been greatly reduced in number from 
their primordial abundance in the ma- 
terial of the solar nebula. 

At this point, one example will suf- 
fice, that of Gd'57, for which or(n,y) = 
2.4 X 10' barns. The cross section for 
Gd156 has not been measured but must 
be comparable to that for Gd58, which 
is 4 barns. On the other hand, the iso- 
topic ratios relative to total gadolinium 
are as follows: 

Gd1": Gd7': Gd`' = 0.20: 0.16: 0.25. 

The odd-A/even-A ratio of somewhat 
less than unity seems to be quite nor- 
mal. If all the terrestrial material had 
been irradiated by neutrons, the result 
would be 

Gd"57 = Gd0, exp(-960), 

where Gd0157 is the abundance before 
irradiation. This and other examples 
(including U"25, of unhappy destiny) in- 
dicate definitely that only a small frac- 
tion of the material was irradiated with 
thermal neutrons and then was subse- 
quently mixed with the unaltered ma- 
terial. This situation can, of course, 
come about in several ways; the most 
probable explanation is that material 
formed bodies large in radius compared 
to the radii of the high-energy charged 
particles which produced the neutrons 
and that the neutrons were thermalized 
and captured close to their point of 
origin. Only the outer layers of the 
planetesimals were irradiated. An esti- 
mate could be made for a dilution fac- 
tor Fd on the basis of examples like 
Gd-57. However, it seems preferable to 
determine Fa on the basis of the terres- 
trial ratio for D2/H1. If we define Fd 
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in general as the ratio of the total 
amount of material to the amount ir- 
radiated, then we have 

Fd = 1.5 x 10-3/1.5 x 10- = 10, 

for terrestrial and meteoritic matter. We 
return to this point later. 

An Intermediate Stage in the 

Primitive Solar System 

That some hydrogen was present 
during the synthesis of terrestrial deu- 
terium, lithium, beryllium, and boron is 
qualitatively clear for several reasons. 
The hydrogen is effective in thermalizing 
the neutrons before they decay. Some 
hydrogen is necessary to yield deuterium 
upon neutron capture, since the pro- 
duction from direct spallation is small 
(- 15 percent). However, it is also 
clear from qualitative data that the 
amount of hydrogen could not have 
equalled the overwhelming amount in 
primordial solar matter, since then all 
neutrons would have been absorbed in 
hydrogen and none would have been 
available for the reactions Li(n,oa)T3 or 
B?(n,a) Li7. A quantitative calculation 
of the hydrogen content yields H' = 8 
X 10' on the silicon = 106 scale. Now, 
in the sun, on the same scale H' = 3.2 
X 10?, while terrestrially, as Table 1 
indicates, H' = 4 X 103. Thus, in the 

planetesimals hydrogen was relatively 
less abundant than it is in the sun and 
more abundant than it is in the earth, 
where it occurs principally in ocean 
water. The abundances of deuterium, 
lithium, beryllium, and boron demand 
a stage for primitive terrestrial material 
intermediate between the original ma- 
terial of the sun and the present ma- 
terial of the earth. In other words, the 
material of the terrestrial planets was 
irradiated by high-energy particles from 
the sun at a stage of development of 
the planetary system when the material 
had become very largely, but not com- 
pletely, separated from hydrogen. 

Many others have reached a some- 
what similar conclusion from chemical 
and geophysical evidence which has 
been summarized by Urey (9). The re- 
duction in the abundance of hydrogen 
from that in the primitive solar material 
could have been brought about, as far 
as we can see, only through conden- 
sation of solid bodies or planetesimals 
from the primitive gas. 

It is noteworthy that H = 8 X 106 
is of the order of magnitude (in fact, 
close to twice the value) of the present 
value for terrestrial oxygen, 0 = 3.5 X 

106. This would be expected if the 
metals were not oxidized and if the 
hydrogen and oxygen were trapped in 
the well-known chemical combination 
H20, presumably as ice, in the primi- 
tive planetesimals of preterrestrial ma- 
terial. (We assume that the same hydro- 
gen-to-oxygen ratio held throughout 
the shielded inner parts of the plane- 
tesimals and through the irradiated 
outer parts.) According to this point 
of view, in the subsequent formation 
of the earth, most of the hydrogen but 
very little or none of the oxygen was 
lost, the oxygen serving to oxidize the 
metals. 

Size of the Planetesimals 

It is thus indicated that the inter- 
mediate-stage planetesimals consisted of 
an icy matrix in which were embedded 
the metals, probably in the form of 
small grains. The ice constituted about 
35 percent, by mass, of the planetesi- 
mals, and the density of these bodies 
was about 2 grams per cubic centimeter. 

It is possible to make an estimate of 
the average size of the planetesimals 
from the conclusion, given earlier, that 
only 10 percent of the material suffered 
irradiation. This would indicate that the 
high-energy particles, mostly protons, 
penetrated through a surface layer 
which constituted 10 percent, by mass, 
of the planetesimals, as indicated in Fig. 
2. The mean free path of high-energy 
protons can be calculated on the basis 
of geometrical cross sections for the 
nuclei in the planetesimals; it is found 
to be about 40 centimeters. The condi- 
tion that the mass of the shielded in- 
terior of a body of radius a be 10 times 
the mass of the exposed surface skin of 
thickness A 40 centimeters gives 

47ra'3 10(47ra2?X), 
or 

a 30 X - 12 meters. 

Thus, the planetesimals were of "met- 
ric" dimensions during irradiation. 
Hoyle (7) has already shown that these 
bodies had to be at least 1 meter in 
radius, otherwise they would have been 
swept along with the outflowing gas. 
It can also be shown that the plane- 
tesimals could not have been very large, 
since for a given total mass, that of the 
inner planets, the target area presented 
to the high-energy particles would then 
have been too small. A detailed calcu- 
lation indicates that planetesimals of 
approximately 12-meter radius would 
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have been struck by about 10 percent 
of the solar particles. The same cal- 
culation indicates that the high-energy 
particle acceleration required only 
5 X 1044 ergs, or 10 percent of the 
total magnetic energy dissipated by the 
flares. For this calculation it is assumed 
that the primitive matter of only the 
inner or "terrestrial" planets (Mercury, 
Venus, Earth, and Mars) was irradi- 
ated. A uniform distribution in plane- 
tesimal radii from 1 to 50 meters also 
meets all the requirements discussed 
above. 

Time Required for 

Large Solid Bodies To Form 

It has recently become clear from 
the observations of Reynolds (10), 
Murthy (11), and Fish, Goles, and 
Anders (12) that the time interval be- 
tween the last event of nucleosynthesis 
and various stages in the formation of 
large solid bodies in the solar system 
could not have exceeded 106 to 108 
years. These observations essentially in- 
dicate that I129 (f [the mean lifetime of 
the radioactivity] = 2.5 X 107 years), 

Pd'07 (T 107 years), and Al"' T = 106 
years) were incorporated in the parent 
bodies of the meteorites before these 
radioactive nuclei completely decayed. 

It is difficult to understand how time 
between a last event of galactic nucleo- 
synthesis in stars or supernovae and 
the formation of the parent bodies of 
the meteorites could have been so short. 
The "mixing" time in the Galaxy is 
alone thought to have been greater than 
2 X 108 years, the period of galactic 
rotation. It can be argued that a super- 
nova event triggered the condensation 
of the solar system (see 3, p. 639), or 
that the sun originated in an "associa- 
tion" of stars such as the young stars 
which seem to be moving radially out- 
ward from a common point of explosive 
origin. If we discount these interesting 
possibilities, it would seem reasonable 
to ascribe the relatively late production 
of the I129, Pdl07, and Al26 to the synthe- 
sis in the solar nebula described in this 
article. 

Quantitative calculations indicate that 
sufficient quantities of these radioactive 
nuclei were indeed produced. The case 
of I'29 will suffice as an example of the 
calculations. In studying abundances of 

isotopic xenon in the Richardton stone 
meteorite, Reynolds (10) found, among 
other things, that Xe'29 was 42 percent 
more abundant in the meteorite than in 
atmospheric xenon. Reynolds attributed 
this anomalous or radiogenic Xe129 to 
the radioactive decay reaction 

I129( B-v* ) Xe29, 

which has a mean lifetime o12 = 2.5 
X 10' years, as indicated previously. 
This explanation assumes that when 
the iodine-xenon ratio was finally fixed 
in the meteoritic material, some I12" re- 
mained from a nucleosynthesis which 
had occurred not too long before. The 
subsequent decay of the I129 and trap- 
ping of the resultant Xe129 yielded the 
anomaly. For the time At between the 
termination of nucleosynthesis and the 
final establishment of the iodine-xenon 
ratio in the meteorite, Reynolds wrote 

Xe29* / I1p29 \, 
Xep2 k (-~]j) o exp ( - At/ r129 

where I127 is taken as a convenient stand- 
ard, as determined in the meteorite in 
question; Xe"29* is the amount of Xe". 
attributed to the decay of I129 in the 

4 3 - ra 
3 

t10 X47rrXa2 

500 Mev p j a)V1z ;X a 30Xi12meters 
\ \^-- 40 cm/ 

. _ _ .. 
- -/ Ice,metal silicates, 

and oxides 

p,. 2 g/cm3 
Fig. 2. The bombardment of an icy planetesimal by protons from the sun having an average energy near 500 Mev and a mean 
free path X of approximately 40 centimeters. The protons spiral with large radii of curvature about magnetic lines of force and enter 
the planetesimal uniformly over all angles facing the sun. The rotation then results in the uniform irradiation of the outer layers 
of the planetesimals. Nuclear evidence indicates that only about 10 percent of the. material was irradiated; hence, through a simple 
calculation (see text) a mean radius of approximately 12 meters is derived. A spread in radius of from 1 to 50 meters is a satis- 
factory solution of the problem. Metallic grains probably predominated over the silicates and oxides indicated in the figure. 
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meteorite; and (I129/1127)o is the ratio of 
Ib-9 to I127 at the end of nucleosynthesis. 
Solving for At yields 

At = 5.7 X 107 log Xe127 + log ( 27 )2 ] 

By an ingenious combination of activa- 
tion and mass spectrometric techniques 
Reynolds has been able to determine 
the ratio 1127/ Xe129* in meteorites. For 
the Richardton meteorite he finds (I127/ 
Xe129*) = 1.02 ? 0.11 X 105, and thus 
log (I27/ Xe129) = 5.0. 

The radioactive nucleus I129 is pro- 
duced primarily by neutron capture in 
Te128, which has a thermal-neutron-cap- 
ture cross section o128 =0.15 barn and 
an abundance in solar-system material 
three times that of I127. Thus 

(- ..2 .a F: \ Iy27i 
0.15 X 10-24 X 1021 X 3 - 10 
2 X 10-4 

We neglect the small loss of I129 during 
the production period. Thus, log (I129/ 

127)o 0 -3.7. When this value and log 

(I127/Xe120') = 5.0 are substituted into 
the equation for At in the preceding 
paragraph, one finds 

At 7.5 X 107 years. 

Thus, the parent body of the Richard- 
ton meteorite had formed and cooled 
to the point where degassing of xenon 
had ended within 7.5 X 107 years of 
the formation of 1129 in the planetesi- 
mals of metric dimensions which formed 
this body. Thus, anomalous Xe129 is a 
nuclear clue to the duration of an im- 

portant epoch in the history of the solar 

system. The isotopes Pb0?7 and Ag'?0 
yield clues to significant events in this 

early history on an even shorter time 
scale (106 to 107 years). 

Speculations 

It is apparent from the remarks on 
the energy budget made in the last sec- 
tion but one that the major planets, 
with mass 200 times that of the terres- 
trial planets, were not appreciably af- 
fected by the irradiation. Thus, they 
should contain deuterium, lithium, 
beryllium, and boron only in abun- 
dances comparable to those in the ma- 
terial of the sun when it first formed 
and in the material which then consti- 
tuted and still constitutes the interstel- 
lar medium. It is the thesis of this ar- 

ticle that these abundances are consid- 
erably smaller than those observed in 
the earth and the meteorites and con- 
siderably smaller than those expected in 
the other minor planets. Predicted upper 
limits for the abundances in the inter- 
stellar medium and the major planets 
relative to abundances in the terrestrial 
planets and the meteorites are ' 50 
percent for deuterium and - 10 percent 
for lithium, beryllium, and boron. Space 
explorers should not find much deu- 
terium, lithium, beryllium, or boron on 
Jupiter.t If they do, then perhaps we 
have underestimated the youthful vigor 
of the sun. 

We have seen that there is a very 
strong requirement that the material of 
the terrestrial planets became very 
largely separated from hydrogen at a 
stage when the material was condensed 
into bodies of metric dimensions. This 
requirement serves to cast considerable 
doubt on the validity of the theory that 
the terrestrial planets evolved from very 
much larger proto-planets in which 
hydrogen was present in the proportion 
in which it is normally present in the 
sun, and on the validity of the idea that 
the earth itself once had a strongly re- 
ducing atmosphere predominantly com- 
posed of hydrogen. 

The present argument has certain bio- 

logical implications as follows. Condi- 
tions during the formation of the plane- 
tesimals were highly favorable to the 

building of biologically interesting mole- 
cules. At that stage, H20, NH9, and CH4 
were present in high concentrations in 
the surrounding medium. Free hydro- 
gen was overwhelmingly abundant, and 
fine solid particles presented a large sur- 
face area on which absorption processes 
could take place. Electromagnetic ac- 

tivity on the surface of the sun supplied 
energy of the order of 10 ergs in the 
form of ultraviolet light over a period 
of 107 years. In contrast to this bio- 

logically favorable situation, conditions 
seem to have become much less favor- 
able after separation of the solid plane- 
tesimals from the gaseous component. 
Thereafter, oxidizing conditions appear 
to have replaced the former reducing 
conditions. These remarks apply to the 

subsequent formation of the earth from 
the planetesimals of metric dimensions. 
It is suggested that prebiotic or even 
biotic materials could have been formed 
in the planetesimals prior to the forma- 

tiorn of the earth. I will not elaborate 
on this speculation at this time. 
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Summary 

Space research seeks to ascertain, 
among other things, the history of the 
origin of the solar system. There already 
exist certain nuclear clues to this history, 
and additional evidence will be forth- 
coming from exploration of the moon 
and the planets. 

In this article (see 13) I have dis- 
cussed the present implication of the 
observed abundances of D2, Li6, Li7, 
Be9, B?0, and B" in terrestrial and 
meteoritic matter. The abundances in- 
dicate that the synthesis of these light 
nuclei occurred during an intermediate 
stage in the early history of the solar 
system. 

In this intermediate stage the plane- 
tary material had become largely, but 
not completely, separated from the 
hydrogen which was the main constit- 
uent of primitive solar material. Appro- 
priate physical conditions were satisfied 
by solid planetesimals of 1- to 50-meter 
radius, consisting of metallic grains 
embedded in an icy matrix. The syn- 
thesis occurred through spallation and 
neutron reactions simultaneously in- 
duced in the outer layers of the plane- 
tesimals by the bombardment of high- 
energy charged particles, mostly pro- 
tons, accelerated in magnetic flares at 
the surface of the condensing sun. The 
importance of the (n,a) reactions for 
Li' and B10 is indicated by the relatively 
low abundances of these two nuclei. 

Anomalous abundances of Xe"29 and 
Ag107 observed in meteorites can be 
attributed to the decay of radioactive 
1129 and Pdl07 produced in the planetesi- 
mals. The interval between the irradia- 
tion of the small planetesimals and 
various stages of the formation of large 
bodies in the solar system is found to 
be between 10 and 10 years. 

Conclusion 

We may conclude, then, that the 

isotopic compositions of hydrogen, lith- 
ium, and boron and the existence of 
abundance anomalies in meteorites 
serve as clues to a remarkable and in- 

teresting stage in the development of 
the solar system. It was well said: "And 
the Lord shewed signs and wonders 
..." (14). 

To learn more, our motto must be a 

paraphrase of an earlier exhortation: 

"Spaceward ho!" 
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Glass electrodes, whose electrode re- 

sponse is analogous to that of pH glass 
electrodes, have been prepared and used 
to measure the concentrations of diva- 
lent cations, such as Ca+, Mg++, Ba++, 
Sr++, Mn++, and Zn++. Certain electrodes 
or combinations of electrodes can be 
used to determine the activities of indi- 
vidual divalent cations or the sum of 
the activities of two or more divalent 
cations in solutions that may contain 
moderate concentrations of monovalent 
cations. The electrode response appar- 
ently is not affected by the nature of 
the anions. 

These electrodes may be used for 
measuring the hardness of drinking 
water, the calcium and magnesium in 
sea water, and the calcium in urine. It 
is anticipated that with some further 
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development it will be possible to meas- 
ure the activities of calcium and mag- 
nesium in whole blood or serum. Meas- 
urement of one divalent cation in the 
presence of others may also soon be- 
come practical. 

Glass electrodes for measuring pH 
have been used during much of the last 
half century. The change in potential 
of the best of these electrodes in solu- 
tions of varying pH is found to be 
nearly identical to the change in poten- 
tial measured by the standard hydrogen 
electrode in the same solutions. For 
this reason, with appropriate safeguards, 
it is customary formally to equate pH, 
as measured by the glass electrode, 
with -log aH+ (1). 

The extent of the "alkali error" of 
pH glass electrodes is known to be a 
function of the composition of the glass. 
Advantage was taken of this fact by 
Eisenman and his co-workers (2), who 
developed practical sodium- and potas- 
sium-sensitive glass electrodes. The re- 
sponse of these electrodes to monovalent 
cations is sufficiently close to that pre- 
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dicted by the Nernst equation to permit 
postulation of a formal relation between 
measured potential and -log aion, as 
defined by the relation 

E = E? + (2.303 RT/F)log(aion) 

where R is the gas constant, T is the 
absolute temperature, and F is the 
faraday. 

Sensitivity of some glass electrodes 
to divalent cations has been noted be- 
fore (3), but these glasses have strong 
pH functions and unreproducible re- 
sponses and therefore never came into 
general use. In other attempts to meas- 
ure divalent cation activities, particu- 
larly of calcium, use has been made of 
the electrical properties of other types 
of membrane surfaces-for example, 
clay membranes (4), ion-exchange resin 
membranes (5), and multilayer stearate 
membranes (6). 

We chose the glasses that we tested 
for several reasons. Because the ion 
selectivity of glass electrodes is related 
to the differential strength of bonding 
of cations to the glass structure, we 
tried glasses close in composition to 
insoluble crystalline silicates-that is, 
natural glasses, such as obsidians or 
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