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ABSTRACT
I.

A. An analysis of the asbundance distributions resulting
from a chain of successive neutron captures is presented in
consideréble generality. The solutions are applied to the
stellar problem of neutron capture at a rate slow compared
to beta-decay, the so-called s-process. Theoretically al-’
lowable abundance distributlons are correlated with present
knowledge of élement and isotbpe abundances in order to draw
inferences about the "history" of stellar neutron capture.
A semiempirical analysis of isotopic neutron capture cross
sections is appended. This work was carried out in con-
junctioﬁ with w: A, Powler, T. E., Hull, and B, A, Zimmerman,
The presentation is in the form 6f a réprint of an article
from the Annals of Physics by the same authors.

B. The studies described in Section A have been indepen-
dently extended ih;this theéis. A thedretical table of solar
‘abundances 1s presented for the stable heavy nuclei whose
formatlion is attributable to the operafion of the r- and
§r§rocesses. The importance of the normalization of these
two theories to certain key abundance determinations is empha-
sized. The table facilitates a comparison of these theories
of nucleosynthesis withvcurrent observations on the abundances

of the elements and thelr isotopes.



II.

Experimental nuclear studies relevant to astrophysical
situations constitute the second part of this thegis reseérch.
'Alpha varticle groups from the reactions le (HeB, a) Nlu
and N (me3, @) W13 leading to states in the 7-8 Mev exci-
tation range of fhe two nitrogen isotopes are reported.
‘States were observed in Nlu at excitations of 8.06, 7.97, and
7.03l + ,008 Mev and in K3 at excitations of 7.388 £,008 and
7.166 £ ,008 Mev. Differentlal cross sections are evaluated
for these reactions at laboratory angles of 900 and 150o and
a bombarding energy of 2.76 Mev. No other states in this
range of excitatlon were observed. In particular, a state
does not appear near 7.6 lev excitation in Nlu, indicating
that the reaction C+3 (ps 7 ) Nlu in the CNO-cycle at stellar

temperatures 1s nonresonant.
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I. NEUTRON CAPTURE CHAINS IN-
HEAVY ELEMENT SYNTHESIS

A, "Neutron Capture Chains in Heavy Element Synthesis"
by D. D. Clayton, W. A. Fowler, T. E, Hull, and
B. A. Zimmerman. Reprinted from Annals of Physics,
:_L__g,. 331 (1961). |



ANNALS OF PHYSICS: 12: 331-408 (1961)

Neutron Capture Chains in Heavy Element Synthesis*

The Universe, too, loves to create
whatsoever is destined to be made.
—Marcus Aurelius, Meditations IX.

D. D. Cuayron, W. A. FowLer, T. E. Huwi,t axp B. A. ZIMMERMAN

Kellogg Radiation Laboratory, California Institute of Technology, Pasadena, California

This paper is concerned with stellar neutron capture processes which oceur
at a rate slow compared to the intervening beta decays, the so-called s-process
in the synthesis of the elements. An approximate method of high reliability
has been devised to solve for the abundance distributions resulting from
the exposure of seed nuclei, such as Fe®, to a weak neutron flux in stars. The
capture chain differential equations are solved by approximately matching the
Laplace transforms of the exact solutions to the Laplace transform of an easily
caleulable function. From the sequence of abundance distributions generated
in this manner for speeified numbers of neutrons per initial seed nucleus, one
can estimate the superpositions of neutron exposures required to reproduce
the experimentally observed abundance distribution for the s-process isotopes
of the elements. Not only can the validity of the s-process model of heavy
element synthesis in stellar interiors be demonstrated in this way, but certain
inferences about the ‘‘history’’ of stellar neutron processes also appear. Special
attention is paid in this regard to the “terminal’” exposures which have syn-
thesized lead and bismuth at the end of the line in the s-process. An analysis is
appended of neutron capture cross sections near 25 kev for the s-process
nuclei, including interpolations based upon empirical cross sections guided
where necessary by isotopic and elemental abundances. A complete correlation
between neutron capture cross sections and s-process abundances cannot be
made at the present stage of knowledge, but the methods described will lead
to an eventual solution as more empirical information hecomes available.

I. INTRODUCTION

Burbidge et al. (1)" (hereafter designated as B*FH) showed that neutron
capture processes have played the primary role in the synthesis in stars of the

* Supported in part by the joint program of the Office of Naval Research and the U. S.
Atomic Energy Commission.

t Now at the University of British Columbia, Vancouver, British Columbia, Canada.

1 We refer to the synthesis of the heavy elements in the so-called ‘“universal’’ or “cosmic’’
abundance distribution of the elements. Greenstein (1) first suggested the C® («,n) re-
action in stars as a source of neutrons which, on capture, could lead to anomalous abun-
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332 CLAYTON, FOWLER, HULL, AND ZIMMERMAN

heavy elements beyond the iron group. Because of repulsive Coulomb forces,
charged particle reactions have been rather ineffective at the temperatures
(10° to 10° degrees) at which the main line of heavy element synthesis has ap-
parently occurred. The small relative abundance (0.1 to 1 per cent) of the light-
est, “charge rich” isotopes of the heavy elements attests to the infrequent
operation of charged particle reactions in the synthesis of these elements. On
the other hand, neutrons interact rapidly with heavy nuclei at the “low’” energies
(kT ~ 10 to 100 kev) corresponding to the temperatures just cited. In fact,
neutron reaction cross sections vary roughly as 1/» ~ 1/E"* where v is the neu-
tron velocity and £ the energy. Furthermore, at low energies the only reaction
other than elastic scattering which is allowed energetically in most cases is the
capture of the neutron. This leads to an increase in atomic weight by one unit, a
slow but sure mechanism for the synthesis of heavier and heavier nuclei. Even-
tually, of course, neutron induced fission becomes possible in the very heaviest
nuclei at low energies. This process or alpha particle decay, or even spontaneous
fission, depending on circumstances, terminates the synthesis.

Gamow (2) and his collaborators, Alpher and Herman (3), suggested neutron
capture as the mechanism of synthesis of all the elements starting with neutron
decay in an early, highly condensed, high-temperature stage of the expanding
universe. The density was taken to be p ~ 1077 grams/cm® and the temperature
to be T ~ 10" degrees (kT ~ 1 Mev). The measurements of Hughes (4) and
his collaborators on the capture cross sections of nuclei for fission spectrum neu-
trons in the Mev energy range indicated an inverse relationship between these
cross sections (o) and isotopic abundances (N) such that N ~ 1/0. This was
to be expected in general from the point of view of synthesis in a chain of suc-
cessive neutron captures. Nuclei with small eross sections would be expected to
build up to large abundaneces in the chain and vice versa so that the number of
captures per unit time would be uniform over contiguous sections of the chain.
However, in recent years it has become clear from nuclear and astrophysical
evidence that charged particle reactions must have played a considerable role
in the synthesis of the light elements. Gamow (&) has emphasized one critical
aspect of the problem as follows: “However, since the absence of any stable
nucleus of atomic weight 5 makes it improbable that the heavier elements could

dances of the heavy elements in stars. Cameron (I) treated the C'*(a,n) reaction and the
build-up of the anomalous abundances quantitatively. Fowler et al. (1) pointed out other
(a,n)-reactions such as Ne?!'(a,n) and proposed neutron capture processes in stars as the
mechanism of production of the “universal’’ heavy element abundances. They took the iron-
group nuclei as the initial ‘‘seeds’ for the capture process. Element synthesis up to iron and
nickel and the general idea of element synthesis in stars had been discussed by Hoyle (1).
Fowler and Greenstein (1) discussed the experimental and observational aspects of element
building in stars.
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have been produced in the first half hour (of the universal expansion) in the
abundances now observed, I would agree that the lion’s share of the heavy
elements may well have been formed later in the hot interior of stars.”’” The ab-
sence of a stable nucleus at mass 8 accentuates this difficulty. In addition, other
complications and difficulties have risen in the abundance peak in the iron group
elements which do not have anomalously low capture cross sections.

B’FH borrowed Gamow’s basic idea of neutron capture in their treatment of
element synthesis in stars, but avoided the difficulties just mentioned by using
charged particle reactions during various stages of stellar evolution to synthesize
the elements up to and including the iron group (titanium through iron to
nickel). Neutron production and capture then serves in the intermediate and
terminal stages of stellar evolution as the main line of element synthesis beyond
iron. In fact a small fraction, slightly over one tenth of one per cent, of the abun-
dant iron group nuclei are used as the “seed” nuclei at the start of the chain of
captures. Mass spectroscopy has shown that the chain is unbroken in atomic
mass in this region. (The chain is indeed unbroken beyond A = 8.)

It has been suggested by Suess and Urey (6) and Coryell (7), and shown in
detail by B’FH that two quite different and independent neutron capture proc-
esses have been necessary to synthesize the abundant isotopes of the heavy ele-
ments. In one of these processes, called the s-process, the neutron captures occur
at a slow (s) rate compared to the intervening beta decays. Thus, the synthesis
path lies along the bottom of the valley of mass stability and in general by-
passes both the proton rich, lightest isotopes and the neutron rich, heaviest
isotopes of the elements involved. On the other hand, in the second neutron
process, called the r-process, the neutron captures occur at a rapid (r) rate com-
pared to beta decay. The captures lead rapidly from stable seed nuclei, pre-
dominantly Fe®, to the very neutron rich side of the mass valley and are stopped
only by photo ejection of the weakly bound neutrons by the ambient gamma-ray
flux associated with the high temperature necessary for the production of the
neutrons. Equilibrium between (n, v) and (v, n) reactions is established and
progress along the synthesis path occurs only through electron-antineutrino
ejection or beta decay which permits further neutron capture. On termination
of the synthesizing neutron flux the neutron rich isobars at each atomic mass
beta decay to the first stable isobar which then “shields” from r-process produe-
tion those remaining isobars, if any, having fewer neutrons and more protons.
The s-process and the r-process account in these ways for the synthesis of all
the relatively abundant isotopes of the heavy elements. An exposure of a small
fraction of the s- and r-process material to a hot proton flux or an intense photon
flux will account for the production of the relatively rare, proton rich, lighter
isotopes of the heavy elements. This infrequent mechanism has been termed the
p-process by B’FH. It may have occurred in the solar nebula during the forma-
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tion of the solar system, just as did the formation of the rare light nuclei, H?,
1i% Li’, Be', B”, and B".

It follows from the evidence for two different neutron capture processes which
occeur at quite different rates, that two separate and distinct stages of stellar
evolution are demanded. B’FH assign the s-process to the red giant stage of
stars which were formed from galactic material containing light elements, par-
ticularly He, C, O, Ne, and Mg and the intermediate iron group elements. These
elements had been previously synthesized in other stars and ejected into the
interstellar medium, mostly primordial hydrogen, of the Galaxy. The He, C, O,
Ne, and Mg were required for the production of neutrons by a, n-reactions on
C® 0V, Ne”, Ne®, Mg®, and Mg during the relatively slow helium burning
in the red giant, with lifetimes 10° to 10° years. In private conversation, A. G.
W. Cameron has pointed out that Ne®(a, n) is only slightly endoergic (Q =
—0.48 Mev) and thus will proceed under thermal excitation in giant stars along
with the other exoergic reactions.

The r-process is thought of as taking place in the exploding envelopes or
cores of supernova outbursts. In this case the energy producing and neutron
producing processes occur in the short interval of the supernova explosion, 1 to
100 seconds, and the neutron captures accordingly occur at a rapid rate.

B’FH have delineated in detail the manner in which the isotopes of the ele-
ments, in so far as their production is concerned, may be assigned to one or the
other of the p, s, and r-processes. This will not be elaborated here. Suffice it to
repeat at this point that in general the light, proton rich isotopes of a given
element are produced in the p-process, the intermediate in the s-process, and
the neutron rich in the r-process. Some r-process nueclei are by-passed in the s-
process and certain s-process nuclei are shielded by more neutron rich stable
isobars in the r-process decay. In these cases the assignments can be made un-
ambiguously; in others, recourse is made to the relative abundance. produced
by the three processes in unambiguous cases of approximately the same atomic
weight. Nuclear gpecies with no isobars, usually odd atomic weight, can be pro-
duced as a result of all three processes and assignments are possible only by
reference to nearby species with even atomic weight.

We discuss in this paper the s-process. It will accordingly be clear from the
above, that a first requirement is a list of nuclear species whose production
can be ascribed in full or in part to the operation of this process. Such a list has
been abstracted from the Appendix of B’FH and is presented as Table I. Un-
ambiguous s-process assignments are underlined as indicated and nuclei with
closed shells of neutrons are indicated by M for “magic”. Cycling in the Pb and
Bi isotopes due to the onset of natural radioactivity in Po is indicated by C.
Other notations are explained in the caption of the table. Table I contains the
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TABLE 1

Isorores PropuceDd BY NEUTRON CAPTURE AT A SLow Rari N REp Grant STARS
(s Process on Fe’%)»

Z Zz
28, Nis4 56. Bal34. (135, 136, (130, 138M
29. Cuss. &5 57. LavM
30. Znt4, 86, 67, 68 58. CettM
31, Gas® ™ 59, PruM
32. Ge’0, 72,78, 7 60. NdLi2M, 143, 144, 145, 146
33. As(™® 62. Wmlis. 199
34, Belt 64, Cliss
36. Krst, 82 G6. Dy18?
38, Srss. 87, ssM 70. Yhiro. 171, (12, (118, (1718
39. ysM 71, Lu(s
0. ZrooM, o1, 92, 84 79, HfL76. (110, 138, 179, 180
42, Mo?%s, 26, 97, 88 73. Ta®!
44. Ru®¥9. 100, foz 74 Wisz, (188, 184
46, Pdio4 75. Relss
48, (1o, i1, 112, 118, 114 76. (5188, 187
49. Inits 8. Ptie
50, 8pils. 17, 18, 119, 129 80. Hg19s, 198, (200, 201, 202
51. Sb 81. T]208. 205
52, Tel2z, 128, 124 82, Ph204. (20603, (207C), (208CM)
54, Xel2s, 130 83. Bi(209CM

= The code for each isotope number is as follows: underlines, s only; no line, s 3> r; paren-
theses, s > r; overlined, s = r; M, magic; C, cyclic. Adapted from B?FH and the appendix
to this paper.

nuelel whose slow but steady synthesis in countless red giant stars throughout
the history of our Galaxy will constitute the burden of what is now to follow.

IT. THE EMPIRICAL CORRELATION OF CROSS SECTIONS AND ABUNDANCESR

At our present stage of knowledge, considerable illumination of the subject
at hand is obtained by simply correlating empirical capture cross sections (o)
for s-process nuclei with the observed natural abundances (N') of these nuclear
species. This correlation is made most straightforwardly by forming the product
Ne which then ought to be a smoothly varying function of atomic weight (4),
which is the parameter that determines the sequence in a chain of neutron cap-
tures. We will find in subsequent sections of this paper that the function given
by No = f(A) over a wide range in A is a measure of the integrated flux-time
(or total number of neutron captures) to which lighter seed nuclei, e.g., Fe*,
have been subjected in red giant stars in the synthesis of the heavier elements.
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This integrated flux-time cannot be determined solely from nuclear principles.
We require f(A) as the basic empirical information that theoretical ideas con-
cerning the “history” of element synthesis must attempt to explain. Attempts to
determine N from calculated cross sections using assumed f(4), as implied in
recent studies by Cameron (8), would seem to overlook the essential nature of
the problem involved here. This is not to argue that improvements should not
be constantly sought in empirical measures of N. This, however, is primarily
the province of astronomers, geophysicists, and geochemists, and not of the
nuclear physicist except through his preoccupation with neutron activation
techniques.

The status of the correlation of cross-section values with abundance measure-
ments excluding those made recently by activation techniques is shown in Fig. 1.
The abundances are those given by Suess and Urey (6) in their beautiful study
of the analytical data on the subject. It would be quite misleading to use Cam-
eron’s abundances (8) in this correlation. Abundances determined by neutron

10*
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Fia. 1. The product ¢N for s-process nuclei as a function of atomic weight. The cross
gections are those measured near 25-kev neutron energies by Macklin et al. at Oak Ridge,
and by Booth et al. at Livermore. The abundances are those given by Suess and Urey. The
curve is drawn smoothly for visual aid through the points. The dashed tail represents an
uncertain guess as to how a sudden decrease may occur for A >200.
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activation methods will be discussed later. The cross section measurements are
primarily those obtained by Oak Ridge and Livermore groups and are discussed
in detail in subsequent sections. Both groups used in part the 25-kev neutrons
from an Sb-Be source. This raises a basic problem in regard to the correlation.
What neutron energies should be used? Considerations such as those discussed
in B*’FH lead to the expectation that neutrons become available from nuclear
processes, such as (a, n) reactions in the giant stars, at temperatures of the order
of 10° degrees and somewhat higher. We are thus interested in neutron capture
cross sections integrated over Maxwell-Boltzmann distributions in energy
with k7" ~ 10 kev or perhaps in extreme cases, as high as 100 kev. It may well
prove possible, by using the “smoothness” of No(E) versus 4 for various K
as a criterion, to determine the energy and thus the temperature at which neu-
tron capture processes have taken place in stars. However, this will require
very precise measurements both of N and o(£). The possibility of various tem-
peratures being important in different stars or even at different stages of evolution
in the same star must not be overlooked. The averaging over the Maxwell-
Boltzmann distribution means that high resolution in energy is not essential in
measurements used in the correlation.

The cross-section measurements, which are available for such correlations
as illustrated in Fig. 1, are restricted to the stable isotopes of the elements. The
correlation with abundances must only be made for those nuclei which actually
take part in the process in which they are produced, namely the s-process nuclei.
The neutron capture cross sections of stable nuclei produced by beta decay sub-
sequent to the r-process should show no correlation with their abundances.
This is illustrated in Fig. 2 and leads to some confidence in the *‘smoothness”
of No in Fig. 1.

We emphasize at this point that Table I lists the nuclear species on which
neutron capture cross sections in the 10- to 100-kev range are most urgently
needed for applications in nucleosynthesis in stars. It will be self-evident that
isotopic targets and prompt gamma-ray detection techniques will be required in
these measurements. The residual nuclei are not always radioactive, It will
also be clear that the correlations with the minimum ambiguity can be made for
groups of isotopes of the same element. First of all, their abundances have not
been subjected to extensive chemical fractionation since their nucleosynthesis in
spite of the many vicissitudes in their geological history. Secondly, their relative
abundances are determined by accurate mass spectroscopic methods, Thirdly,
over the small range in 4 covered by the isotopes of a given element, it would not
be expected that Ne would vary greatly although this possibility cannot be com-
pletely excluded. In experiments designed to measure isotopic neutron capture
cross sections it will be expected that the reaction yield, which will be proportional
to No, will be approximately equal for s-process isotopes in their natural relative
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F1c. 2. The product ¢N for r-process nuclei similar to that shown for the s-process nuclei
shown in Fig. 1. The fluctuations in ¢N for these nuclei are expected and show that the
smooth variation indicated in Fig. 1 is not wholly accidental.

abundances. An inspection of Table I shows that the following elements are
particularly interesting in regard to isotopic measurements:

Zn, Sr, Zr, 8n, Te, Ba, Nd, Hf, Hg, Tl, and Pb

Because of the cycling mentioned above and because of radiogenic contributions,
Pb is a special case in so far as detailed analysis is concerned, but Pb is particu-
larly important in connection with certain aspects of nucleosynthesis such as
“age” determinations.

The above comments have been made in the hope that they will prove useful
in regard to establishing priorities in neutron capture cross-section measurements
and in establishing the urgent need for the production of isotopic targets in sub-
stantial amounts. To illustrate the general importance of these considerations
in determining isotope abundances, Fig. 3 is appended. This shows the evidence
for the operation of the three separate processes, p, s, and r, in the formation of
the stable isotopes of the element tin. By following through the s-process path
shown in Fig. 4 it will be seen that the first, three isotopes, Sn'™, Sn™, and Sn'",
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cannot be made in the s or the r process. Their low abundances of the order of
1 per cent or less are consistent with their production only in the p process.
Sn''® is the first isotope which can be made in the s process and the discon-
tinuity in abundance between Sn™ and Sn'® is quite marked. Similarly, Sn'®
is the last {sotope which can be made in this process, and again, there is a dis-
continuity in going to Sn' and Sn' which can only be made in the r process.

32.5
PERCENT ABUNDANCE EVEN
so%—  ISOTOPES OF TIN

24.1%

EVEN
L
: /
< 20%H
8 INCREASING N}
@ DECREASING o | :
E 14.3
S
i

10%
200, 85
76 6.1
4.8 -
P-PROCESS $-PROCESS R-PROCESS
22— OES%
112 RAD 114 115 116 117 118 119 120 RAD 122 RAD (24
MASS NUMBER

F1a. 3. Abundance evidence for the operation of three separate processes, p, s, and r,
in the formation of the stable isotopes of the element tin. The first three isotopes can only
be produced in the relatively rare p-process involving charged particles (protons) or
radiation and their abundances are seen to be quite small. The next five isotopes are pro-
duced by neutron capture at a slow rate (s-process) and exhibit the regularity expected for
this process-decreasing capture cross section, hence inereasing abundance, with increasing
mass number. The last two isotopes are produced only by neutron captures at a rapid rate
(r-process) and the discontinuity between the s-process and the r-process is quite apparent.
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F16. 4. The s-process path through the isotopes of tin. The neutron number increases by
units of one on a slow time scale until negative beta activity occurs and the path moves to
the isobar of higher Z. This path can be determined from empirical evidence on the beta
stability of nuclei. Note that the path bypasses the p-process and the r-process nuclei. The
r-process nuclei are the end products of an isobarie beta-decay chain as shown at the far
right from neutron-rich progenitors produced in an intense neutron flux. The p-process
nuclei are produced by subjecting a small fraction of ¢ and r-process nuclei to an intense
proton or photon flux.

The r process apparently produced somewhat less abundances in this region of
atomic weights than the s process. This is a result of the “history’” of the syn-
thesis of the elements of the solar system, not of any fundamental nuclear proper-
ties of these isotopes. The rising trend in abundances from Sn'* to Sn™ is con-
sistent with No ~ constant if we note that ¢(n, v), in general, decreases as
more neutrons are added; and that o, for odd A4 isotopes, is higher than o for
even A isotopes because of the tendeney to pair up the neutrons. It is a quanti-
tative check of these last statements, true or false, which will be supplied by
measurements on the capture cross sections of the tin isotopes 116, 117, 118, 119,
and 120. At the present stage of knowledge, their relative abundances do seem
to depend primarily on their nuclear properties alone.

III. THE PROBLEM

Since a neutron capture chain occurring at a slow rate would produce oN
values which delineate a smooth curve f(A) and, alternatively, a smoothly
varying ¢N would not be expected for other models of heavy element formation,
the confirmation experimentally of such a behavior leads to belief in the cor-
rectness of the slow capture model. If this is the case, it may be possible to obtain
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information concerning the distributions of neutron exposures of seed nuclei
from the observed shape of the experimental curve f(4) = ¢N. Such informa-
tion could lead to conclusions regarding the amount of neutron producing nuclei
relative to the amount of seed nuclei required in various red giant stars. One may
also place limits on the allowable types of s-process abundance distributions,
Such information would have implications on some of the rapid capture abun-
dances in those cases where both the r and the s processes contribute to the
abundance of an isotope, for the s-process contribution may then be subtracted
to obtain the r-process contribution for further analysis. With these broad ob-
jectives in mind, the mathematical problem of the capture chain will now be in-
vestigated.

Assume that a group of heavy elements exists in some interior region of a star.
The region chosen will be characterized by a constant temperature 7 and a free
neutron density n.(t) which is uniform over the region but may depend on the
time. Let N 4(¢) be the abundance of that nucleus defined by the s-process path
of atomic weight A contained in the region, and let ¢ 4 be the (n, v) cross section
for that nucleus. The neutron velocity relative to a heavy nucleus is v, . Then
the differential equation for the local abundance N4 is

el <UU>A Uz (t)NA (t> + <l’0'>.4—1 n, (t)NA—l (t) <l )

This equation is based on the fundamental assumption of the s-process that beta
decays between isobars are fast compared to the neutron capture rates. The
quantity {vs) appearing here is an average necessitated by the fact the relative
velocity v is determined by a Maxwell-Boltzmann distribution and the cross
section ¢ is a function of that v attending any capture possibility. The nature of
this average requires some amplification.

Neutron eapture in the heavy elements occurs through many wide overlapping
levels of the compound nucleus produced in the capture. Thus, the Maxwell-
Boltzmann distribution at temperature T' yields a weighted average of vo over
the contribution of the levels primarily in the vicinity of kT. Experimentally it is
difficult to obtain a neutron energy resolution comparable to the level separation
so that the experimental measurements already yield ¢ or ve averaged over an
energy range such that these quantities vary smoothly with neutron energy.
It is found that & (experimental) varies as v~ at low energies and that this de-
pendence changes over to » ™2 in the region of several tens of kilovolts as long as
s-wave neutron capture is alone effective. However, in the heavy elements p-wave
neutron capture, which is proportional to »™, begins to contribute just as the
s-wave begins to decrease more rapidly than v~'. The result is that to a very
crude approximation vo can be taken as a coustant and the most reasonable
procedure is to evluate v and ¢ at kT, the most probable Maxwell-Boltzmann
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energy. Thus
{o0) = or (2)
with ¢r = ¢(kT) and vy = (2kT/p)"*. The reduced mass
w=MM,/ (M, + M) >~M,,

where M, is the neutron mass. To this last approximation v, o~ (2kT/M,)"* is
independent of A. As an indieation of the error involved in using v,er for (o),
one can show that if ¢ ~ »° or v™%, then (vo) = (2/4/7)vror , which is only 13
per cent greater than vz0r . Our choice for k7' will be mentioned later. For the
moment we use the fact that vy can be factored out on the right side of (1),
leaving

ngt(t) = — U7 ly (t)U'A (kTN 4 (1) +ven, (H)osy (kT)NA—l (t) (3)

Under these assumptions it is possible to define a new independent variable which
will measure the progress of neutron captures uniquely. We define

dr = noondt, 7= f 1 (1) dt. (4)

Equation (3) becomes

dN,
dr

This variable r is the integrated flux-time, a measure of the total accumulated
neutron bombardment per unit area. It conveniently resolves variations of neu-
tron densities and time scales into one convenient measuring variable. Through-
out this paper we express ¢ in millibarns; accordingly the unit for r is 10*" neu-
trons/cm’.

It is important to keep in mind that Eq. (5) applies only to that part of the
abundance at atomic weight A which takes part in the s-process. The light ele-
ments are at presen{ thought to be formed mainly by charged particle reactions.
The elements in the abundance peak at the iron group are thought to be formed
in the equilibrium process as discussed by B*FH. It is for the production of ele-
ments of atomic weight greater than sixty that the process of neutron capture
must be invoked. The large abundances of the iron group nuclei are therefore
envisioned as a starting point for the capture of neutrons produced in light ele-
ment reactions. Neutron capture may then proceed in an unbroken chain of
increasing atomic weight unil Bi*® captures a neutron, whereupon alpha decay
to the lead isotopes takes place. Equation (5) may thus be thought to apply to

- — (O'A NA - G'A_lNA—l)- ’ (5)
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the s-process chain between these two terminal regions. Further complication is
necessary because many of the nuclei of the s-process chain may be created in
other processes, such as when only one stable isobar exists at atomic weight A.
In these cases N 4 of eq. (5) applies only to the fraction of that abundance which
is created in the s-process.

The resulting situation can be described as follows; a group of nuclei, peaked
in abundance at Fe™, is exposed to unknown numbers of neutrons, characterized
by a range of value in the exposure parameter r. An important building block of
our analysis consists in the observation that the general problem may be reduced
to superpositions of a much cleaner problem, that of one seed nucleus exposed
to an integrated neutron flux characterized by a single value for r. The solution
in this case may be generalized to several seed nuclei by superimposing the
single seed solutions weighted proportionally to the initial relative abundances
of the seed nuclei. Further generalization can be made to nonuniform exposure
conditions by superimposing solutions for different +’s. The second type of super-
position (that of different exposures) will in fact be more important, for the
observed and calculated (equilibrium model} abundances seem to indicate
clearly that the initial distribution consists primarily of 4 = 55, 56, and 57,
with Ny =~ Ng =~ 0.1 Ny . The long exposure distributions resulting from this
seed group will not differ greatly from that produced by an exposure of Fe®
alone. Thus the simpler problem that we consider is, “What are the abundance
distributions for different neutron exposures of Fe’*?”

We will at first neglect the fact that there is recycling due to alpha-decay at
the end, and consider that every time Bi* captures a neutron, no further cap-
ture occurs and nuclei simply pile up at A = 210. Later we will return to the
problem of the redistribution of these nuclei among the lead and bismuth iso-
topes. Thus the equations to be solved are

dN

dT66 == 088 NEG )
d(}]l\:'A i ') NA + T 4.1 NA-.L, 57 é A é 209, (6)
dN210 = 0209 N 209 .

dr

The boundary conditions are
Ne(0) A = 56
NA(O) = .
0 A4 > 56
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IV. THE SEARCH FOR A SOLUTION

Bateman (9) who served many years on the faculty of this Institute, found
long ago that exact solutions to this problem can be easily written down. If
one changes the numbering index to & = 4 — 55, so that the index for the seed
nucleus is ¥ = 1 and the process begins with N1(0) nuclei having & = 1, then

Ni(7) = Ny(0) Z_; Crie™"" (7)

By substituting back into the equations, it follows that

omitting (U_ 1 U.). (8)

- U102 05" ¢ * Ok.)
(ox — o3)(ok—1 — @3) -+ (02 — ) (o1 — 03)’

Ch

For example:

Cu = 1,
a1 G1
Cu = ;022 = ’
oy ~ 01 ay — g2 (9)
UL a2
Cy = ete.

There are two severe difficulties with this exact solution: (1) The functional
form is incorrect as it stands when any o = g, , n ¥ m, in which case a limiting
process as o, — o, must be performed. In fact, many of the cross sections are
equal within experimental error. (2) Even if all the cross sections were arbi-
trarily made to differ slightly, the numerical evaluation of this solution is pro-
hibitive from the consideration of time required, and not easily corrected for
changes in cross section estimates or measurements.

Before discarding this method, we would point out for later use that there is
one interesting case for which the series is easily summable; ¢, = vk, ¥ = con-
stant. Then

(k ~ D=1

Cki = YT y
(k — 1@ — 1)
k e B 7
(=17 e™

= — 1)1
Ni (r) = N1(0)(k 1).;(1c — =D
This exact solution will be used later as a quantitative check on an approxi-
mate solution to be presented.

To obtain a qualitative feeling for the nature of the solution, Fowler et al.
(10) examined the solutions for constant cross section, which are easily seen

and

(10)
=N (0) (1 —e ™)
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to be

_ N 1 (0) k-1 ~or
Nk (T) = m(af) e . (11)
The nature of this funection is a Poisson-like distribution in & with a maximum
at k = o7 -+ 1 given approximately by

N1 (0)

and which must therefore have a width of ~(2xor)". Thus as the distribution
moves out in k or 4, its height decreases and its width increases due to the random-
ness of the capture processes by a factor proportional to (o7)". These observa-
tions are, of course, not quantitatively useful if the cross sections are not
appreciably constant. However, it can be seen that if the cross sections are in-
creasing, for example, that the spreading of the packet will become even more
pronounced as 7 increases, and that there will tend to be a long tailing off on
the high k& side of the maximum (an observation which may be verified by ex-
amining the previous solution for ¢ = ~k).

Hoyle (11) suggested a manner in which the effect of variable eross sections
could be ascertained. If one defines Y 4(7) = 64N 4(7)/N:(0), a practice which
shall be followed for the rest of this paper, then the set of differential equations
(5) becomes

Ni (max) ~ (12)

e TR 7 (13)

The set of values ¥, delineate a smooth curve and thus can be interpreted as
a smooth function ¢ (A). Using this property of good behavior, the difference in
the ¢’s can be written as a partial derivative to yield

_1_ W(A; T) ~ - a\"(A; T)

4
o4 or 0A ’ (14)

If in addition, the values of the cross sections ¢, can be thought of as delineating
another function ¢(A4), the equation can be written entirely as a functional
partial differential equation

(A, 1) (A, ) _
LT o) 2T =0, (15)

This equation may be solved in a well-known manner by a change of variable
A to A’ such that

)

d
(Y(A.)a—g—- 0'1:?74‘, (16)



346 CLAYTON, FOWLER, HULL, AND ZIMMERMAN

where o, is a constant, arbitrarily chosen to equal ¢(4 = 56) so that initially
(8/0A) 4=t = (9/0A’) s . Then in integrated form A’ = o1f* (d4/c(4A)).
Under this transformation, Eq. (15) becomes the well-known hydrodynamical
flow equation

a4, 7) (4, r) _
. + o Y Gl 0 (17)

with solutions ¢(A’, ) = ¢(A’ — 7). This approximate solution asserts that
if (4, 0) is the initial distribution in 4 at + = 0, its evolution in time is given
by the following steps:

1. Convert ¢(4, 0) to ¢(A4’, 0) by A’ = o1f* (dA/s(A)), a transformation
yielding a unique one to one correspondence of A’ to A once a lower limit on
the integrand is arbitrarily chosen.

2. To obtain the distribution at r transport the initial distribution to

Al = Aio + air.

3. Convert the resulting ¥(4,") back to (4, 7) by the coordinate trans-
formation.

The transformation itself may be evaluated by a sum starting, for simplicity,
at A = 56.

A A
dA 1
A = f e O —

a1 cr(A) o1 AZ;G oa (18)
Thus oy = ¢(A’' = 1) = ¢(4 = 56) and A’ = 1 when A = 56. The physical
significance of this transformation is evident after some thought, but let it be
pointed out here that if A is plotted as a function of A’, the slope,

dA/ dA' = o(A)/e,

yields the ratio of capture rate at A to the capture rate of the original seed nuclei
(iron group). High values of this slope over a region of A will tend to equalize
Y(A) through this region. Figure 5 displays such a curve plotted with experi-
mentally estimated cross sections to be discussed later and with ¢; = 15 mb.
Notice that a smooth curve in A’ will be greatly modified by transformation to
A coordinates. In the regions of large slope, 94 < A < 135 and 142 < 4 < 200,
the value of the function ¥ (A) will tend to be nearly constant, whereas large
changes in ¢(A4) for a fixed r may occur in the regions where o(4) is small.
Small cross sections are observed for nuclei with closed shells of neutrons at the
“magic”’ numbers, N = 50, 82, and 126. This investigation reveals the manner
in which changing cross sections might be expected to affect the spreading of a
distribution as it advances in A. However, it still does not represent a quantita-
tively accurate description of the capture chain, for in changing the A de-
pendence of the equation from a difference to a partial derivative, the spreading
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205

|85l THE TRANSFORMATION o

A
i \ | N
K=0g> o
165 asse A =
A a5

1251~

1051

85—

65— —

Fic. 5. The transformation yielding a one-to-one correspondence of 4 to A’. Approxi-
mate ¢4 solutions for the capture chain are obtained by transforming solutions y 4. for
constant cross section into 4 coordinates.

due to random capture is neglected. This is most easily seen by examining the
situation in which o is a constant, making 4 = A4’ — 55. This situation would
give a transition of a packet of nuclei to increasing 4 without any spreading at
all, whereas it is known from the constant cross section case that the packet will
spread as it moves out in A.

When a group of nuclei are exposed to a neutron flux, the resulting distribu-
tion will be spread over some range of A, centered approximately at the appro-
priate point given by the mean increase in atomic weight. The various sources of
this spread may be summarized here.

a. The initial distribution may be spread over a region in 4.

b. The random nature of discrete neutron captures, based as it is on prob-
abilities, tends to diffuse any intitial concentration of nuclei, This type of spread-
ing increases monotonically with increasing neutron exposure.

¢. The cross sections of the capture chain determine the capture rate at each
value of A. Different capture rates at points along the path alter the distribution
by speeding up or retarding capture events relative to the average capture rate
of the distribution as a whole. The final distribution is expanded or contracted
depending on whether the cross sections increase or decrease with A.
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Effect (a) may be easily handled in all solutions by superposition of distribu-
tions resulting from unique seed nuclei. Effect (b) may be isolated by considering
the exact solutions for constant cross section. Effect (¢) may be isolated by con-
sidering the hydrodynamic flow analogy of the last section. It now remains to
incorporate effects (b) and (c) into one approximate solution.

In an earlier disclosure (12) we proposed an approximate solution based on
the following considerations. The equation for the abundances N 4 for constant
cross section when written as a partial differential equation is the same as the
partial differential equation for ¢ in A’ coordinates.

< +a16A)N(A 7) =0 and( +a1 )nlz(A’ ) =0. (19)

Both quantities satisfy the same boundary conditions in the case of a peak at
A = A, at r = 0. Thus it appears that (4’, r) for varying cross sections and
N (A, 7) for constant cross section will be very similar. For this reason we cal-
culated ¥4/ (7) with Eq. (11) as

(UIT) -"1"'
bue) = o) D (20)

The smooth curve drawn through these values, calculated for integral A’ at a
given value of =, yields ¢y (A’, ). The transformation A’ to A of Fig. 5 was then

T T T T T T T T T | I I
T =.06
30— (0 T)A’-I —
- ~0T
Yo=atamn €
g, = 15mb
r=_33
20— |
WA’ =10
1o— -
| | | | ] ! | | |

Fra. 6. The quantity ¥4 = en4 , for constant eross section, chosen to be oy = 15 mb.
The distributions are normalized to one initial seed nucleus at A’ = 1.
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36 | T | | I ™7
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L- \kA, TRANSFORMED TO A CO-ORDINATES
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1 | | (.
55 75 95 15 135 155 {75 195 205

A

Fic. 7. The quantity ¥4 obtained by transforming the distributions of Fig. 6 into 4
coordinates using the coordinate transformation of Fig. 5.

employed to convert to ¢ (A4, 7). Examples of this procedure are shown in Figs.
6 and 7. Figure 6 shows ¢(A’, 7) calculated by Eq. (20) for three values of r
corresponding to oy = 1, 5, and 15 (r = 145, 14, 1). Figure 7 shows the same
three distributions after transformation to 4 coordinates. Recall that y repre-
sents the normalized distribution resulting from the exposure of one seed nucleus
(N1(0) = 1); therefore y1(0) = o, N1(0) = ¢y = 15. The curves generated have
approximately correct properties, and this method may be used to extract a great
deal of useful information. We will drop this method here, however, for the ex-
amination of a more precise method of calculations which constitutes the main
body of this effort.

There is little doubt that direct numerical integration of Eq. (5) would yield
the most accurate approximation to the exact solution. But the solutions of the
s-process chain do not require great accuracy as much as they require ease of
calculation and interpretation with perhaps ten per cent error. However, there
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were also two main objections to the numerical approach. First of all the nu-
merical integration has to proceed in small steps so that relatively long calcula-
tions would be needed to obtain solutions for large r. We did not know in
advance which values of T would be of greatest interest, and so it was very con-
venient to have a method which will quickly produce solutions for any value of 7.
The second objection is that errors “grow” in numerical calculation, which
means that more accurate solutions would be obtained for small = than would be
obtained for large A and large 7. The method to be presented now has the ad-
vantage of simpler calculation than the numerical integration as well as almost
uniform error for any value of =. There is the further added advantage of a func-
tional solution for ¥, in which the dependence on each capture cross section is
explicit. These features enable swifter evaluation as new cross-section data be-
come available.

V. AN APPROXIMATE SOLUTION OF HIGH RELIABLITY

If the Laplace transforms of the functions representing the abundances are
defined as :

o0

Ns) = [ Nule) dr,
Egs. (6) become
sNi(s) = —alNi(s) + N:(0),
SNg(S) = —02N2(8) + 01N1(8), (21)
st(s) = ‘—O'ka(S) + dk~1Nk_1(8).

Solving algebraically

N Op—10k—2 * " * 0207
Ni(s) = Ni(0) (s + o5+ onr) -+ (s + a2)(3 + a0)’ .

o Ni(s) _ 1 (22)

YO (L) () (24)

It has already been seen that the exact inversion of this transform is unwieldy
and depends on the number of higher order poles (¢; — ¢;, etc). The object of
this approach is to find an easily calculable inverse that closely approximates
the exact inverse. It will be found profitable to investigate the possibility of
doing this by approximating the Laplace transform. Motivated by our previous
solution, we consider the corresponding problem where all cross sections are the

Yi(s) =
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same and equal to \ (reserving o for actual eross sections) for which

AN, *(s) _ 1
N(0) (; n 1)"‘ (23)

where N, * is the abundance for constant cross section and m is 2 new numbering
index analogous to k. An effort will be made to approximate the Laplace trans-
form of the exact solution of Eq. (22) by the Laplace transform of Eq. (23).
Our task is then to choose, for each k, values of m; and A\ in Eq. (23) such that

j—

8 mk
(x: + 1)

“best” approximates

(24)
L !
(f— + 1)(~i— - 1)---<ﬁ+ 1)
o Ok—1 o1
where
(o) = ) = = [ ) as (25)
211 i )
When this choice has been made, we shall write
_oxNi(7) -1 1 oy )™
W = S N T N T © (26)
w1

Two apparent advantages of this method of investigation immediately appear:

a. A glance at Eq. (22) shows that ¥x(s), and hence ¥x(r), depend only on
the magnitudes ¢y, o2, -+ -, o, and not upon the order in which they occur.
Consequently m, and A, will be chosen for each k independent of the ordering
of the cross sections up to and including o5 . Moreover, it will be seen later that
an important justification of the approximation procedure depends crucially on
this fact.

b. The Laplace transforms are valid for any o1, o2, --, including those
special cases in which some are equal.

The theory of functions reveals the well known fact that the behavior of a
function for very small = and the behavior for very large values of 7 correspond,
respectively, to the behavior of its Laplace transform for very large and very
small values of s. An attempt at a best approximation is therefore dependent
upon the range of interest of 7. For the s-process interest lies principally in
moderate to large values of 7. Thus, it is expected that the best approximation
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should be chosen to make the Laplace transforms equal for small values of s.
The error in calculating ¥ (7) is

g - L f en[ 1 B 1 i
21 Jiao s Tk 8 s
(-—+1> -+1>'“(—+1)
)\]g Tk o1

TN

k (27)
1 oo Z Bkhsh ds
_ 8T h=1
== 21”, »/:_uo (4 s P s s ’
Z 41 DT [ I TR |
Ak T a1
where
&
1
By = — % b
! Ak el (71,
B =_mk(mk—~l)l_ 1
K 1.2 M SR e0;] (28)
i<J
me(mye — 1) (me — 2) 1 k 1
By = — — et
ks 3! pve + i =l G500
1<i<f

The major contribution to the error E; comes from the integrand near s = 0.
It is then desirable to have the coefficients of the smaller powers of s in the
numerator vanish. Our approximation is the “best” in the sense that we choose
my and A, such that the first two coefficients By, and Bjs vanish. This means

mp =1 1\
il A (29)

In the last expression we drop the subscript 7 and the average is to be taken
over all nuclei up to k. We also have

me(me — 1) _ : 1 . (29')

2\ i 050

Solving these two equations for m; and \; yields

k 1 2 /1 2 L3 1 /1\
=D _ 0. _zn G
my = X = , = IR S MR (30)
1 /1N 1 /1N
o \o?/i Sad N\
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Note that the sums in m; and M, range up to and include k. Hence ¢, (r) includes
a dependence on oy, .

Then M\, and my; may be calculated for all values of k, from which ¢,(7) may
be caleulated by Eq. (26). It can be seen that this is really an extension of the
method presented earlier, where mi = A’ = o1 )_51 1/, . In the present method,
however, ¢, is replaced by A\, , taking advantage thereby of one additional degree
of freedom to make the error smaller,

It can be shown that both the exact and approximate solutions for ¢, (7) have
only one maximum for a given k as a function of r, approaching zero assymp-
totically for large and small r (excepting (=) which has its maximum at r = 0).
It is also evident that the approximate ¢, (+) has its maximum value at =,(max)
given by

Mere(max) = my, — 1,

k k k
re(max) ﬁ_§=z£_%gzl=zmm,

Ak k1=l 0y T oo it

(31)

where (Ar); = 1/0;, which is the average exposure required for the 7th nucleus
to capture a neutron, This approximate maximum occurs, then, at the place one
would intuitively expect, i.e., the maximum occurs for nucleus k& when the ex-
posure 7 is just the average exposure necessary to transform the seed nucleus
(k = 1) into the nucleus k. But what information can be specifically concluded
about the manner in which the approximate solution “approaches” the real
solution?

It is helpful at this point to recall that the Laplace transform is a moment
generating function.

Ly(7) =f e Y(r) dr

0

w " - (32)
= f v(7) dr — s [ {(r) d‘r-’rs—f y(r) dr -
0 Jo 2 J
The power series expansion of the reciprocal of a polynomial begins
1 =1l—-—ax+ (& ="+ ---. (33)
1+ axr + bx2 + -

Thus, making the pair of numbers, a and b, for the approximate Laplace trans-
form equal the corresponding pair for the exact Laplace transform insures that
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the first and second moments of Yx(r) in r are equal. These may be evaluated

k
: =1-e2t
Ok Ok~1 o1
2 £ 1Y o
te l:(zz-; ;:) B i%-;} a;v,-:l L (34)
<)

N _3_"1’5.;.82[(%)2 _ (o — 1)]4_
8 ™ Ak 7\k 2)\1«:2
-+ 1
Ak
But by our choice we made
mp 51 omm — 1)~ 1
e oiloe’ AN =5 ooy’

thus the first three moments are equal for approximate and true solutions and
have the values

j: Ye(7) dr =1,

i
!

f:npk(f)dr i (35)

[nwa=2[(50) - 52 -[(E +20)]

The first integral shows only that all nuclei pass through a given k at some
value of =. The second integral reveals that, although the location of the single
maximum of the real solution is unknown, its centroid is the same as that of the
approximate solution, which is also very near the maximum of the approximate
golution as seen in Eq. (31). The third equality yields added assurance that
contributions of the tails (known to smoothly approach zero) to the second
moment are equal.

Tt would be desirable, at this point, to check this method against some known
yardstick before proceeding to its actual application. Calculations were made
with this method using o, = vk with v = 1 since it is only a scale factor. These
solutions were compared with the exact solutions for such a case calculated
earlier (Eq. 10). Figure 8 shows plots of ¢ versus k for two values of = from
both the approximate and exact solutions. The comparisons are seen to be quite
good in light of the strenuous demands made by this assumption for the cross

sections.

I
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F1c. 8. Comparison of exact and approximate solutions for o = k. The dashed curves
show the exaet solution for certain 7, whereas the solid curves show the approximate solution
for the same value of 7. The approximate solutions adhere well to the correct physical
properties of the exact solutions, but the value of the maximum appears to be underesti-
mated by about 10 per cent.

One might rightly question the validity of this test for a more perplexing
case in which one or two small cross sections occur in the neighborhood of large
ones, as is the actual case for nuclei with closed neutron shells. This doubt may
be partially dispelled by the following imaginary problem. Suppose

[0'1 y Og, 03 " 0’10] == [1, 4, 2, 6, 7, 8, 9, 5, 3, ].0]

We have seen that the exact solution for ¥ (7) is independent of the ordering
of the cross sections o< . Thus the solution for ¥y with ¢ = 3 is exactly the
same as in the case of o, = k (the abundances N, = y,/o: will of course be dif-
ferent). For ¢5 with o5 = 7, solutions will be approximately that for o, = 75 k
and so on. Extensions of this observation can be quite general. In solving the
s-chain, one can, for each value of k, renumber all the cross sections up to and
including the kth one, and find rough linearity in many cases. This fact assures
that the error in the calculation of y; is of the same order as the error for the
exactly linear case.

Further confidence may be gained by noting that superpositions of various
exposures tend to decrease the relative error in ¢y rather than to change the
error in an arbitrary or statistical manner. If p(+) represents the number of
seed nuclei exposed to a flux r in the interval dr, then after the superposition

0Ny = f o(r)a(r) dr. (36)
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From the moment generating nature of the Laplace transform, it was found that
the error in oV} is in fact zero for any p(r) of the form a + br + ¢r’. The
manner in which errors may cancel upon superposition can also be seen from Fig.
8 which shows at k& = 33, for example, an underestimation for + = 3 and an
overestimation for r = 2. Such observations as these build our confidence in the
general validity of the approximation procedure. Discussion of the practical
application of Eq. (36) to observations on ¢N will be postponed until Section X.

VI. APPLICATION TO PROBLEM WITH EXPERIMENTAL CROSS SECTIONS

To apply the previous development to the s-process it is necessary to assume
numerical values for each of the cross sections in the s-process neutron capture
chain. This requires that a choice be made for the temperature of the stellar
interior where the neutron production and capture is taking place. The cross
sections depend on the neutron energy and thus on the temperature of the ma-
terial in which the neutrons are produced, thermalized, and captured. From
considerations based on possible neutron sources such as C*(a, ), Ne*(a, n),
and C® + C®, B’FH give a most probable value of T ~ 10° to 10° °K. From
detailed considerations, Reeves and Salpeter (13) conclude that the carbon

T T I T T I T i I T

NATURAL ELEMENT NEUTRON CAPTURE
CROSS SECTIONS NEAR 30 kev (QAK RIDGE)
NORMALIZED FOR EVEN-EVEN NUCLE!

BY DIVIDING o(oop -2) BY 2.2

| ILlI

Ll

o {MILLIBARNS}
1

i lll

1 ! ) R N I | ] 1 1 | | | |
15 20 25 30 35 40 a5 50 65 €0 65 0 % 80 85

ATOMIC NUMBER 2

90

Fic. 9. The average neutron capture cross section for the elements in their natural
abundances near 30 kev. The cross sections for the odd Z nuclei have been divided by 2.2.
Taken from Qak Ridge data (27, 28).
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Fra. 10. The isotopic neutron capture cross sections for nuclei lying on the s-process
path. Cross sections indicated by heavy cireles are measured near 25 kev (25, 26). All other
points represent values estimated in a manner described in Appendix A. These cross sections
are the ones used in calculating the s-process distributions.

burning reactions could effectively produce neutrons at temperatures of about
6 X 10° °K. Temperatures of 10° to 10° °K correspond to thermal energies from
10 to 100 kev.

For the actual calculation of the present problem it is not feasible to select
the temperature arbitrarily. Rather the choice must be made on the basis of
available experimental measurements of the neutron capture cross sections. A
selected survey of this cross-section data is presented in the appendix to this
paper. References are given there. Much of the information on isotopic cross
sections has been obtained using an Sb—Be neutron source, producing neutrons
of about 25 kev. A large body of data on the cross sections for elements in their
natural abundances has been reported at 30 kev. The average energy dependence
of the cross sections in this range of energies indicates that o(25 kev) is only
about 10 per cent greater than ¢(30 kev). Since the measurements at 25 kev
cover the most extensive range in A for isotopic cross sections we have chosen
to correct all cross sections to 25 kev and to interpolate in A where experi-
mental values are not available. It is evident then that we have chosen a thermal
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energy of about 25 kev (T ~ 3 X 10%) for this work. This energy falls in the
independently estimated temperature range for neutron production discussed
above. It might be mentioned here that if the energy dependence of the cross
sections is more or less the same for the heavy elements in question, moderate
changes in energy of the s-process neutrons could be interpreted as a simple
change of scale in the flux-time exposure 7. That is, if all cross sections were
reduced 20 per cent, the resulting distributions would be the same as before
but for #’s greater by 20 per cent. No great error will be made if a ¢ ~ 1/v law
is used in extending our calculations at 25 kev to other energies in the 10- to
100-kev range. Some caution is warranted in the lower energy range since in-
dividual resonances may become important for some of the lighter nuclei involved
in the capture chain.

From Table 3 in the Appendix we have plotted the cross-section data. Figure
9 shows the cross section for elements in their natural isotopic abundances
plotted against the atomiec number. Figure 10 shows the isotopic cross sections
for the members of the s-process chain plotted against the atomic weight. The
solid points of Fig. 10 are values estimated by interpolation as shown in the
Appendix, whereas the heavy circles represent actual isotopic measurements. It
is this set of values of o1 shown in Fig. 10 that is used in calculating m; and A; in
the manner prescribed in the previous section. Figure 11 shows the values of

A
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Tia. 11. The best choice of parameters for calculation of the approximate solutions.
The value of 8.7 is used here for o4 and is reflected as a large irregularity in hes. The effect
of small cross sections in the magic neutron number nuclei and lead isotopes is apparent.
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my and A, versus k. The calculation of m, and A\, was incorporated into a program
on a Datatron 205 computer which also calculated the resulting distributions.
For facility of programming, Eq. (26) was re-written using

27 (m\" 1
I'(m) m (?) (1 + ﬁ%ﬁ)’
1

—1 —\ : — )
N 7)™ e ~ [)\k er]’"" my e ¥ ——

e 1 .
I'(m,) My 2r r \1+ 2m

so that

Y (1) = N (37)

These functions, ¥, , were calculated for values of r from 0.1 to 2.9 in steps of
Ar = 0.1. For physical applications it is more useful to plot ¢, versus k with
the neutron flux-time exposure, =, as a curve parameter. The implications of
these curves will be developed later. More mathematical investigations are first
required to accomplish the following results:

a. Account must be taken of the branch in the s path at A = 64.

b. The nuclei stored at A = 210 as a function of 7 must be properly redis-
tributed among the lead and bismuth isotopes.

c. It will be useful to establish the relationship between 7, the flux-time ex-
posure, and n. , the average number of neutron captures per initial seed nucleus,
for each distribution.

VII. THE BRANCH AT ATOMIC WEIGHT 64

When Cu® captures a neutron, the resulting Cu® is beta-active with a short
halflife of 12.8 hours. The branch in the activities is 42 per cent EC, 19 per cent
8%, and 39 per cent 7. On a long time scale the result of the neutron capture is
then 61 per cent Ni* and 39 per cent Zn*. When either of these branches cap-
tures a neutron, the resultant nucleus has short lived activity to Cu®, thereby
returning to a unique path.

If the neutron capture cross sections for Ni* and Zn® were approximately
equal, this branching could be ignored as far as the rest of the distribution is
concerned. In fact, however, ¢(Ni*) is measured as 8.7 mb, whereas o(Zn®™)
should be much larger since Ni* has a closed proton shell and Zn* has two fewer
neutrons. Therefore the nuclei will pass considerably more slowly through Ni*
than through Zn*, with considerable resultant effect upon the abundance dis-
tributions.

Because the differential equations for the abundances are linear, this problem
may evidently be handled by a simple superposition. To obtain the correct
distribution normalized to one initial seed nucleus for a given 7, the distributions
are calculated as if all nuclei pass through Ni* with 0.61 initial seed nuclei and
as if all nuclei pass through Zn® with 0.39 initial seed nuclei, and added at the
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F1a. 12. The effect of the branch at atomic weight 64. Set A is calculated with g4, = 8.7
and plotted as a solid line. Set B is calculated with ges = 87 and plotted as a dashed line.
The heavy solid line is the proper superposition of Set A and Set B determined by the
branching ratio at atomic weight 64. The Set A distribution for » = 0.8 is also plotted be-
cause of its similarity to Set B for r = 0.7, a fact explained by the Ar = 0.1 shift of A rela-
tive to B due to the different cross section at atomic weight 64.

desired value of 7. Because of interest in comparing the resultant distributions
from the two branches, we calculated both sets of distributions normalized to
one initial nucleus and weighted them later for superposition to the correct
expected distributions. The set of distributions obtained by passing all nuclei
through Ni*(oe, = 8.7) we call set 4, and the set obtained by passing all nuclei
through In*(oes = 87) we call set B. The correct combination to use for actual
applications is then 0.61 A + 0.39 B.

Figure 12 shows the effect involved here, where we have plotted, for » = 0.7,
distributions A, B, and the superposition indicated above. The large effect of
the different cross section is clearly evident. We have in addition plotted the
distribution A for + = 0.8, and observe its close resemblance to distribution B
for r = 0.7. The explanation of this last observation is quite simple. The exposure
required for a nucleus to pass from £ to & 4 1 is approximately 1/ox, so for
k’s greater than 64, distribution A should be refarded relative to distribution B
by | A7 | = (1/8.7) — (1/87) = 0.10. Thus a useful rule is obtained, stating
that the effect of changing one cross section on higher values of k& may, to first
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order, be thought of as a r shift given by A7 = — Acy/0x(ox + Acy). This obser-
vation enables an estimate to be made of the effect of a new cross section value
without actually recalculating the distributions. Thus the distributions ¢(A)
finally obtained will only require relabling in r as new experimental cross sections
become available in the future. Eventually of course, an entire new calculation
will be warranted but in the meantime approximate estimates can be made
quickly and easily.

VIII. TERMINATION OF THE S-PROCESS

For +’s greater than 1.0, the number of nuclei in the range 4 = 56 to A = 209
begins to decrease. Capture of a neutron by Bi*® produces a nucleus of atomic
weight A = 210 (k = 155) and so far no account has been made of the subse-
quent alpha decays back to the lead isotopes. To correet this effect it is necessary
to solve the recirculation equations attendant to the alpha decays.

Just as ¥ represents the expected cross section times abundance normalized
to one initial nucleus, so it is convenient to define the abundances associated
with a given ¢ and therefore with one initial nucleus as

- ll/A (T) _ N4 (T)
N4 (T) = oa = Nas (0)

Examination of the solutions before recycling was taken into account revealed
that y¥ae(7) was nearly linear and could be approximated for 0.9 < r < 2.7 by

(38)

Yow = cala = ar’, (39)

where a = 0.19, 7 = 7 — 0.9. The linearity of yuy for this range of = is a for-
tunate result of the semiempirical values we have taken for the neutron capture
cross sections. The value r = 2.1 is required to process almost all the initial
nuclei to atomic weights A > 205, but the very small cross sections for A > 205
retard yeo such that it is still in a nearly linear rise for +’s as great as 2.7. As a
result the quantity Y can be assumed to be a known driving term for the re-
circulation equations and equal to a+’. This approximation will be valid as long
as the additions to e from recirculation remain much smaller than the value
of Yuw without recirculation. This condition, too, was adequately fulfilled for
7 £ 2.7. Under the assumption of a linear rise in = for yuy the recirculation
equations can be approximately solved in a closed functional form.

Since the differential equations for the abundances are linear, the problem of
the redistribution of the nuclei stored at A = 210 can be solved independently
of the arrival of nuclei from smaller atomic weight. We will call n,’ the additional
abundance at atomic weight A resulting from the redistribution of the nuclei at
A = 210. The computed n,’ will then be added to the abundance predicted by
the previous calculations. Note especially that this complication effects only the
last four nuclet of the s-chain, A = 206 to A = 209. The gross aspects of the
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abundance distributions for smaller 4 are already solved and need no further
correction.

B’FH have discussed in detail the processes involved in the termination of the
s-process. There is a branch in the neutron capture by Bi*” leading 44 per cent
of the time to a nearly stable (halflife = 2.6 X 10° years) ground state of Bi*
and 56 per cent of the time to an isomeric state which has a 5-day electron emis-
sion to Po™. The Po™ alpha-decays (halflife = 138 days) to Pb™. The ground
state of Bi* is assumed to live long enough to capture a neutron proceeding to
Bi*" which then rapidly alpha decays (halflife = 2 min) to Pb*’ through T1*’
and a quick beta decay (halflife = 5 min). If all alpha and beta decays are
rapid compared to the neutron capture times, and if the capture cross section
for the ground state of Bi*™® is much greater than oy ,? then the differential
equations for the additional (primed) abundances due to recirculation may be
simply written as follows:

4
dnm

7
- + oae Naos = 0.56 aa0e Mace (40a)
= (.56 a7,
dn;m ’ ! 4
. + o7 Naor = o206 Navs -+ 0.44 aane 7ag
(40b)
= Fong ’l’b;os + 0.44 C!‘Tl,
dn;u%s ’ ’
o908 Maog = a7 Nag7 4 , (40c)
dr
d’n;og ? ’
& + oo0e Nete = a0 Nave . (40d)

These equations have simple functional solutions. Using the cross sections in
millibarns listed in the appendix (ows = 2.8, dooer = 5.5, ooz = 1.1, 0oy = 1.8),
and defining P(o,7") = (0.7’ — 1 4+ ¢ ), the numerical answers are

nae = 0.01358 P(2.8 '),
nau = —0.0008840 P(5.5 ') + 0.01407 P(2.8 1'),
naw = 0.2679 P(1.1 ') + 0.001105 P(5.5 ')
— 0.04554 P(28 7'),
naw = —0.2753 P(1.8 ') + 0.4210 P(1.1 )
— 0.000221 P(5.5 ') + 0.01789 P(2.8 +').

2 Since Bi2® is neutron magic (N = 126), it might be expected to have a considerably
smaller neutron capture cross section than does Bi??. Measurements report «(Bi*%) = 1.8
mb.

(41)
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These additive corrections were calculated and added to the distributions
generated directly from lower atomic weight. In principle increased aceuracy for
the recirculated abundances could be obtained by returning to Eqgs. (40a) and
(40b) and replacing aap 72 by (ar’ 4+ o nan) instead of ar’. This degree of
precision is unwarranted for r < 2.7,

It should be mentioned here that B’FH intimated that this termination process
creates ever increasing quantities of lead and bismuth. This is, of course, not
true once all of the original seed nuclei have been transformed to lead and bis-
muth, for the total number of heavy nuclei remains a constant. Continual ex-
posure has the effect of creating alpha particles from neutrons, simultaneously
driving the abundance distribution of the lead and bismuth isotopes to an
equilibrium configuration.

An interesting appendage to the foregoing calculations may be obtained by a
related investigation. For r’s greater than 2.5 effectively all the nuclei have
reached the lead and bismuth isotopes. For very larges 7’s, a steady state or
equilibrium flow between these isotopes and the regeneration by alpha decay
will oceur. It is possible to answer the question, “Given an arbitrary initial
distribution of nuclei among the lead isotopes, how great an exposure must
occur before a good approximation to equilibrium is reached?”

If all the heavy nuclei are concentrated at atomic weights greater than 2035,
Eqgs. (40) are applicable to the exact total abundances n, if the exact value of
o2 Nae 18 used. These equations form a simple matrix equation

Yaos — 0206 0 0 0.56 o0 | | Va0
d|dar| _| owr —ouwn 0 0.44 oo || Yaor (42)
dr | Yaos 0 0208 — 0208 0 Yaos |

WYaog 0 0 G209 — Ta0g VYaog

At equilibrium, the left-hand side of Eq. (42) vanishes giving for the terminal
yr:
1
0.56
The value of Y7 depends on the values assumed for the cross sections of these

nuclei. But the sum of the abundances resulting from one initial nucleus must
be one, S0 N9 + ooz + Ma0s + Maoe = 1. Using this fact

1
Yr=
056 1 . 1 , 1. (44)

Ve = Yo = Yoy = Yooy = Yous (43)

0206 a207 0208 0209

With the same values of the cross sections as before the equilibrium distributions
become

Yoos = 0.30, Yoy = os = Yae = 0.54 (45)
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or
Nosg = 0.11, Nagy = 0.10, Nopg = 0.49, Naoy = 0.30.

Equation (42) has four independent decay modes to equilibrium, whose rates
A are given by the secular equation

— (o208 + M) 0 0 0.56 206
0 Y man 0™ =0 )
0 0 o2 — (o2 + A)
Solutions of (46) give
At = 0 (equilibrium solution),
A = —5.77,
A = —2.72 + 1.024/3 4, (47)

M= —272 — 1.024/3 4.

The slowest decays are seen to be oscillatory but even so it is indicated that
initial deviations from equilibrium will decay to ¢ for an exposure

Ar = 1/2.72 ~ 04.

Figure 13 shows three curves for ¢ in this region. Those labeled » = 2.3 and
r = 2.7 are calculated by the methods previously outlined, whereas that one
labeled r = oo is the equilibrium case. It can be seen that deviations of ¢ from
equilibrium at r = 2.3 have decayed by ¢ for Ar = 0.4 (r = 2.7).

IX. NEUTRON REQUIREMENTS FOR THE ABUNDANCE DISTRIBUTIONS

Although the sequence of distributions generated by different integrated
flux-time exposures, r, is of interest in itself, the average number of heavy ele-
ment neutron captures per initial iron nucleus, which we call n. , is also of in-
terest. This 7, is obviously related to the amount of free neutrons produced by
light element reactions and to the relative densities of the seed nuclei and the
neutron producing nuclei. This number was calculated for each distribution in
the following manner. The sum,

A=209 A=209

S (A =56 = Y (A —56) ¥4,
Aw=b6 A=bB TA

equals the number of neutron captures required for each r to produce the corre-
sponding distribution. This sum does not quite equal the desired n, because the
total number of nuclei fluctuates about the initial normalized value of unity due
to approximations of the calculations. We thus normalized the number of neutron
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Fia. 13. The approach to equilibrium. The curves labeled r = 2.3 and r = 2.7 are cal-
culated by adding the contributions of the alpha decay to the initially generated distribu-
tions and renormalizing to one total nucleus. The curve labeled r = « is the equilibrium
distribution for one seed nucleus. The amplitudes for the deviation from equilibrium have
decayed by about 1/e for Ar = 0.4.
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captures by dividing by >_ 7., which fluctuated between the limits of 0.925
and 1.080. This calculation was incorporated into the computer program, yielding
209
> (4 —56)ny (1)
Ne (T) = 4= 209 . (48)

Z Na (T)

A=56

From this set of numbers two other quantities of interest were numerically cal-
culated. The instantaneous capture rate of the total distribution is

_ An, (7) _ M (r 4+ 01) —n.(r —01)

o(n) = =5 0.2 (49)
The average capture rate for the interval 0 to r is
0> 1) = ”_T(L) (50)

Table II shows these numbers for all the calculated values of = based on the
correct superposition of set A and set B.

TABLE II
NEUTRON REQUIREMENTS FOR SINGLE EXPosURE DISTRIBUTIONS®
An, #e An, e

T e AT T T e “Ar T
0.1 2.8 28.3 1.6 145.2 34.1 90.8
0.2 6.9 49.6 34.4 1.7 147.9 20.8 87.0
0.3 12.8 65.9 42.5 1.8 149.4 12.3 83.0
0.4 20.1 71.7 50.2 1.9 150.7 7.6 79.1
0.5 27.1 70.2 54.2 2.0 151.4 4.9 75.5
0.6 34.1 78.0 56.8 2.1 151.9 3.2 72.0
0.7 42.7 100.0 61.0 2.2 152.3 2.4 68.9
0.8 5.1 127.7 67.6 2.3 152.5 2.2 66.0
0.9 68.2 149.2 75.8 2.4 152.8 2.0 63.3
1.0 83.9 156.7 83.9 2.5 153.1 1.7 60.9
1.1 99.6 149.0 90.5 2.6 153.3 1.5 58.6
1.2 113.7 130.0 94.8 2.7 153.5 1.3 56.5
1.3 125.6 104.4 96.6

1.4 134.6 77.4 96.2

1.5 141.0 53.1 94.0

= The average number of neutrons captured, n., per initial seed nucleus; the instantane-

An, . .
ous capture rate, §(r) = -A—:, for the resulting distribution; the average capture rate,

(r) = &, for the resulting distribution are listed respectively for each step in r made in
T

the caleulations of this paper. The correspondence is valid only for the cross sections listed
in Appendix A, 7.e., near 25 kev.
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The distribution of Fig. 13 for r = 2.7, n. = 153, shows at most a ten per
cent deviation from the equilibrium distribution. For this reason we arbitrarily
take n, = 153 to mark the approximate onset of equilibrium. The remaining
variations from equilibrium will have decreased by a factor 1/e by

r = 3.1(Ar = 04).

Since dn, = drz 4%, and since 2382 Y4 =~ 2 at equilibrium, an exposure of
Ar = 0.4 requires only 0.8 additional neutron captures. The cross sections drop
so markedly at Ph™ that all of the nuclei are swept into the range 206 < 4 = 209
by almost the minimum number of neutron captures possible. Beyond n. = 155
practically no change in the heavy element distribution occurs and additional
neutrons are only converted into helium nuclei.

Figures 14 and 15 show a selected few of the calculated distributions as a fune-
tion of A with n. as a curve parameter. Figure 16 shows n. , An./Ar, and n./r as
functions of 7. Note that n, increases very slowly for r > 3 because

209

dn./dr = ¢(r) = :'[;,1#&4 = 2

for the equilibrium configuration among the lead and bismuth nuclei.

T T T T T T T T T T T i T
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A

Fra. 14. The distribution in ¥4 = o4n,4 for various uniform exposures. Each curve is
labeled by n., the average number of neutron captures per initial iron seed required to
generate the distribution.
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F1c. 15. The distribution in ¢4 = oc4n, for various neutron exposures for 4 > 202.
Each curve is labeled by n. .

Equation (26) revealed that each ¢ (r) is a Poisson function. The centroid of
vi(r) is at 7.(k) = mu/M = 24m1 (1/0:) and the width about the centroid is
Ar(k) = ~/2xmi/\ . The relationship between n, and = of Fig. 16 enables the
interpretation of the functions ¥, with n. as the independent variable. In Fig. 17
the ¢, for A = 70, 115, 139, 204, 206, and 208 are exhibited as a function of the
number of neutrons, n, , captured per initial seed nucleus. Figure 18 shows y, for
A from 202 to 209 for large values of n, . It will be noted in Fig. 17 that in general
Y4 rises to a maximum when n, >~ A — 55, which is approximately the value
of n.{r) at 7.(k), and then decreases. The width at half maximum is given
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FiG. 16. The average number of neutrons captured per initial iron seed nucleus versus
the flux-time exposure r. The derivative dn./dr = & is the instantaneous capture rate of
the overall distribution of nuclei as a function of 7. The ratio n./r = 7 is the average rate of
capture of the distribution during the interval 0—r. As a rule of thumb, & ~ 50 to 100 for
T > 04,
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approximately by

Ane (k) = (%) Ak, (51)

The nonconstancy of dn./ dr prohibits any simple and accurate estimate of
An.(k) in terms of m; and A;, as can be done for Ar(k). However for

ne < 100, dn./ dr ~ 1.5 n/r,

from which
ane (k) ~ 150 pp(y = 157 (re) V2rme e (r). (52)
Te me/Ae Ak
Thus for n, < 100, Which corresponds to A < 155, it is approximately true that
¥4 has a max at n, = A — 55, and a width at half maximum of

An, (A) = /‘/' V (A — 55).

Since my 1s of the order of 15 for many A’s (see Fig. 11) it is surprisingly true

that An, = n, . These deductions are evident from u , Y15, and ¥i13 of Fig. 17.
For the larger +’s required to reach larger A values, dn./dr drops rapidly,

which contracts the width An.(k) of (51). For A’s greater than 200 the value

of Ya(n.) drops precipitously after reaching its maximum, as seen iu Was(n.).

The same behavior occurs for A = 206 except that yse falls to its final equilibrium

value, 0.30, rather than zero. In the case A = 208, ¥4 reaches its maximum for
= 153 and then falls slightly to its final equilibrium value of 0.54.

X. APPLICATIONS TO THE OBSERVED ¢N CURVE
In the preceding sections we have discussed methods for determining

Vi = oN4

as a function of r, the integrated neutron exposure, or of n, , the average number
of neutrons captured per seed nucleus. In particular, we have calculated 4 for
one Fe* seed nucleus. For clarity we have designated the abundances by n, in
this case. For comparison with observations on o4N 4 as given in Fig. 1, it has
been convenient to plot ¥4 as a function of A with n, as parameter as shown in
Figs. 14 and 15, respectively. We have used N 4 to represent abundances on the
standard Suess-Urey scale. Questions of normalization aside, it will be clear that
the observed curve does not correspond in detailed form to any of the calculated
Y4 curves. As noted previously, this can be attributed to two causes:

(1) Other light and intermediate weight nuclei in addition to Fe® have
served as seed nuclei, This may have been the case and the superposition of
curves for various seed nuclei similar to those shown in Figs. 14 and 15 could
probably be made to give a reasonable caricature of the observed curve. How-
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ever, we are inclined to believe that the iron group nuclei have served primarily
as the seed for heavy element synthesis and among these Fe® is by far the most
abundant. Thus we neglect the effect on 4 due to this cause.

(2) The seed nuclei have been subjected to varying overall neutron exposures.
We regard this second cause as the more important of the two and some elabora-
tion of the astrophysical mechanisms of nucleosynthesis involved in this regard
will now follow.

The abundances used in the data on which Fig. 1 is based are primarily char-
acteristic of the elements found in the solar system. It is a basic premise of the
B’FH theory of nucleosynthesis in stars that these elements were produced in
many stars which evolved over the history of the Galaxy, prior to the formation
of the solar system. Heavy elements were produced at various locations in the
interiors of these stars whenever neutrons became available and were eventually
ejected into the interstellar medium of the Galaxy by gradual or sudden mass
loss by the star. Rapid mixing on a time scale of ~10° years took place in the
spiral arms throughout the history of the Galaxy so that the solar system formed
some 4.5 X 10° years ago from well-mixed contributions from many stars. Con-
tributions from evolving stars occurred over an interval prior to the formation
of the solar system of the order of 10 X 10° years (14). It is not to be expected
that the neutron exposure of the seed nuclei was uniform from star to star nor
for that matter from place to place nor from time to time within a given star.
Thus it is clear that we must try to make up the observed ¢N-curve by super-
imposing curves corresponding to different neutron exposures for varying
numbers of seed nuclei. This will lead to the understanding of the “history” of
neutron exposures in the evolved stars of the Galaxy. There must be no confu-
sion here with the exposure history of a given seed nucleus. As emphasized
previously, the time variation of the neutron exposure for a given seed nucleus
does not matter since Eqgs. (6) are linear. It is only the total integrated neutron
flux or total number of neutrons made available for capture which are important
in determining the final abundance distribution. However, individual seed
nuclei have been subjected, as noted above, to quite different r and n, and it is
in this sense which we must now superimpose our previous solutions.

Let p(7) represent the number of iron group nuclei exposed to the integrated
neutron flux, 7, in the interval dr. Numerically, p(7) is adjusted to the Suess
and Urey abundance scale for which Si = 10° is the standard. On this scale,
N, = 6.4 X 10° where N, stands for the abundance of the iron group nuclei
(V¥ to Ni*) produced in the e-process. Similarly, let g(n,) represent the number
of iron group nuclei which have been exposed to n, neutrons in the interval
dn, per seed nucleus. Then g(n.) dn, = p(r) dr and

f: g(n.) dn, = fow p(r) dr = N,. (53)
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Equation (53) is indicative of our procedure in normalizing to Suess and Urey
abundances and thus must include those iron group nuclei which have not been
subjected to neutron exposure. If we exclude these nuclei then we will find in
what follows that the remainder of the integrals are relatively very small indeed.
We can represent this result as follows:

[ o) dn = [ o) dr < N.. (54)
>0 >0

There is some ambiguity in the exact value for the lower limit of integration.
However, as indicated in Fig. 1 we concern ourselves only with A Z 62 whereas
for most of the seed nuclei A = 56. To reach A = 62 requires on the average
six neutrons, n, = 6, and as a practical matter few nuclei reach 4 = 62 for
n. = 1. In this practical sense Eq. (54) is to be taken to indicate that only a
small fraction of the iron group nuclei have been subjected to neutron exposure
since their primary formation. Thus the iron group abundance distributions have
remained characteristic of the equilibrium process in which they were produced.
Astrophysically this must be taken to mean that the iron group nuclei found in
the solar system have not been condensed into the deep interiors of the stars in
between their primary formation and their incorporation into the various objects
of the solar system. Those nuclei which have been through the deep interior of
evolving stars have almost certainly at one time or another been exposed to a
neutron flux.

With g(n.), p(7), and ¥, defined as above it 1s now possible to express the
observed 4N 4 as the following integrals:

o N, = fw d(n)Wa(ne) dn, = fm o(r)alr) dr A = 62. (55)
0 0

In principle then the problem resolves itself into the ‘“unfolding” of g(n.) or
p(r) from the observed ¢.N 4 using the calculated y, . There is no ambiguity in
using zero for the lower limit of integration in these integrals since unexposed
nuclei do not contribute to ¢.N 4 . However, for A = 62 the abundances have
been determined by the equilibrium process and it is meaningless to compare
o 4N 4 with integrals over the ¢4 calculated for neutron capture.

It is worthwhile at this point to emphasize one aspect of the use of Eq. (55).
Consider, for example, the situation which will occur when an experimental
cross section value o4 for a given atomic weight becomes available and replaces
the estimate given in Table III. In principle ¢4 depends on ¢4 . However, mod-
erate changes in ¢4 do not change ¥. appreciably, especially if o4 is large. As a
consequence o 4N 4 does not depend eritically on o, and one can have some con-
fidence in calculating N 4 simply by using the general average of ¢.N 4 near 4
and dividing by the experimental ¢, . Similarly the g(n.) or p(r) derived from
(55) are primarily dependent on a given o, through the product ¢.N « rather
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than through ¢, . In case o4 is small, as for a nucleus with a closed neutron
shell, these remarks do not apply and detailed calculations are required when
new data becomes available.

Some insight into the meaning of Eq. (55) results from the use of the hydro-
dynamical approximation (see Eq. 17) with no initial spread in seed nuclei, i.e.,
one seed nucleus only. In this approximation ¥, is proportional to a é-function
according to Ya(n,) = 0.8(4 = Ay + n.) and hence o ,N4 = o49(A — 4,) or
N. = g(A — A,). This obvious relation tells us that if there were no statistical
spreading in the capture process then g(A — A;) would just indicate the number
of nuclei which had captured 4 — A4, neutrons. Hydrodynamical flow is a poor
approximation but even so if we average over a region covering the statistical
spreading, then the total N, in this region is roughly the number of seed nuclei
which have on the average captured A — A, neutrons. As can be seen in the
curve for n, = 100 in Fig. 14, the spread is in some cases so large that this ap-
proximation is of little use in practical application.

There is a general property of ¢(r) which leads to an interesting consequence.
We refer to Eq. (35) which indicates, when k is replaced by A = k£ 4 4, that

-/0“" Yalr) dr = 1. (56)

In the case that p(r) is a constant given by p(7) = N/ rmaxfor 0 £ 7 £ 71ax We
see from (55) and (56) that

0aNA > N,/Tmax for 56 £ A < Aiim . (57)

This equation states that ¢,N . will also be approximately constant up to a
limiting value of A, designated Ajim , which can be calculated for any ruex .
At Aiim, 04N 4 will decline rapidly to zero. Interest in this point is prompted
by the constancy of 4N 4 in the region 90 < A < 200 shown in Fig. 1. It might
be argued that this experimental behavior implies p(7) ~ const over the relevant
range in 7. This does not of course follow rigorously from the “unfolding’’ process
and indeed we will find in what follows that p can be discontinuous, i.e., super-
positions of the calculated curves for several diserete r will fit the observed
curves within the experimental errors.

We now turn our attention to the details of Fig. 1 and attempt to synthesize
it from the curves of Fig. 14 in the spirit of the first integral relationship given
in Eq. (55). It is immediately evident, as previously emphasized, that none of
the calculated curves of Fig. 14 resembles the observed curve in entirety. Thus
we can immediately eliminate the possibility that the observed ¢N curve is the
result of the exposure of iron group nuclei to a uniform integrated neutron flux.
The relatively large values of ¢N for A < 90 and the large negative slope in
this range implies that the largest fractions of the seed nuclei were exposed to a
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Fic. 19. A superposition of exposures to approximately fit the observed oV data curve
The format is identical to Fig. 1, but the curve is a calculated one,

caN 4 = 2160 y(n, = 2.8) + 990 y(n, = 6.9) + 45 y(n, = 34) + 45 ¢(n. = 100)
See Eqs. (58) and (59) in the text.

limited neutron supply resulting in a total exposure characterized by r ~ 0.1
or n, ~ 3. It has already been noted that over the range 90 < A < 200, the
oN curve remains relatively constant. Discussion of the behavior of the curve
beyond A ~ 200 will be postponed until later sections.

One of the many ways in which oN for 62 < A < 200 could be approximately
synthesized is shown in Fig. 19 where we have plotted

oN = 2160¢(r = 0.1) + 990¢(r = 0.2) + 45¢(r = 0.6)
+ 45¢(r = 1.1)

2160¢ (n. = 2.8) + 990¢(n. = 6.9) + 45¢(n, = 34)
+ 45¢(n, = 100).

In these equations the numbers on the right-hand side represent the number of
iron group nuclei exposed to the indicated values of r or n.. These numbers

(58)

it
I
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are on the customary abundance scale fixed by N(Si) = 10° on which
N, = 64 X 10°.
Relative to N, this becomes
eN/N, = 3.9 X 10 %(n. = 2.8) + 1.8 X 107%(n, = 6.9)
+ 8.2 X 107%(n. = 34) + 8.2 X 107°¢(n. = 100).

It will be noted immediately that only a small fraction (0.59 per cent) of the
iron group nuclei has been exposed to neutron capture. Even a smaller fraction,
0.15 per cent, was converted into s-process nuclei with A = 63. The great bulk
of these iron group nuclei have not been subject to neutron capture since their
formation in the e-process. The iron group abundances are thus correctly given
by the theory of the e-process as shown by B’FH.

Although Eq. (58) represents by no means a unique synthesis of the observed
oN-curve nonetheless its two major features will be characteristic of any dis-
tribution in available neutrons per seed nucleus which fits the observations. These
two features are (1) relatively large exposures to n. ~ 3-7 and (2) small and
equal exposures to 30 < n. < 70 and 70 < n, < 140. Certain types of variation
for o N versus A would appear to be quite impossible on the basis of our cal-
culations. Since the ¥(n.) tend to be nearly constant in the range 90 < A < 140
and also in the range 140 < A < 200, the resultant ¢N will be nearly constant
in the same regions for any superposition of the ¢(n.). Large changes in the
¥(n,) occur only at nuclei with abnormally small capture cross sections, which
are in general those with magic numbers (closed shells) of neutrons, viz: N =
50, 82, 126 and A ~ 89, 138, 208. Thus discontinuities in the ¢N curve will
occur only near these values for A. The apparent rapid decrease in ¢N above
A ~ 200 will be discussed in this connection in Section XIII. With nearly equal
o N levels on both sides of a region of closed shell nuclei, as is observed at A ~ 138,
only slightly different ¢ N values may occur in the closed shell region depending
on the superposition used to produce the equal levels on either side. In any
event, the o/N value in the closed shell region must be approximately equal to
the mean of the ¢N levels on the two sides. In case additional discontinuities are
established in the ¢/N curve in the future the most likely explanation will be the
occurrence of an abnormally small cross section among the nuclei at the dis-
continuity. The probability of this occurring at other than the closed shells
would seem to be rather small.

XI. NEUTRON ECONOMY

The overall problem of the production of the abundance distribution from the
neutron exposure of iron group nuclei conveniently resolves itself into two nearly
independent parts: (a) the resultant abundances from a given distribution of

(59)
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integrated neutron flux-time exposures p(r), (b) the stellar mechanisms for
production of neutrons with the resultant p(r). This paper has investigated
only the first part of the problem. Such an approach seems justifiable in light of
the fact that once a temperature for the s-process is selected, the experimental
determinations of abundances and neutron capture eross sections should allow
an unfolding of p(7) in the sense of Eq. (55). This p(7) then represents a given
set of conditions to be explained by the second part of the overall problem.

The lack of independence of these two parts of the problem is evident from
the temperature dependence of the s-process. The identification of abundance
curves such as Fig. 14 with a given = depends upon the temperature assumed for
the process. This is because of the energy and thus temperature dependence of
the neutron capture cross sections. As a simple example it is evident that if all
the o4 are decreased by a factor of two, a value of r twice as large is needed to
produce the same abundance distribution. On the other hand, the temperature
of the star is closely related to the neutron production mechanism of the second
part of the problem. Thus the unfolding of p(7) from observed data is practically
impossible unless & nearly constant temperature can be assumed for the s-process.

This same difficulty may be viewed in yet a slightly different way. The second
part of the problem may be attacked first by detailed calculations of the free
neutron density from the total composition and temperature of the star. From
this type of calculation, such as made by Reeves and Salpeter (13), 7 = [n.({)»
dt may be extracted; however, that may not be identified with the r of this
paper due to the temperature difference of the two calculations. In such a case,
the simplest approximation is to assume that in the tens of kilovolts energy region
all the neutron capture cross sections have roughly the same energy dependence.
With that approximation, the respective r values of two calculations may be
temperature corrected by the same scale factor as the cross sections. The hard
truth of the matter is however, that the s-process calculation depends strongly
on the exact magnitudes of the smallest cross sections in the chain and it is the
energy dependence of those cross sections which largely determine the tempera-
ture dependence of the s-process. Appendix B elaborates on a related aspect of
the temperature dependence of the capture process.

In order to have a more nearly temperature independent representation of
the abundance distributions we have for the most part, considered n, as an
independent variable in place of 7. It is quite clear, for instance, that in case a
uniform secale factor is applied to all the ¢4 , the resulting abundances are un-
altered as a funetion of n, . Thus we hope that curves such as Fig. 14 when labeled
with n. are reasonably independent of the temperature of the s-process. The
temperature dependence is then largely contained in the relationship of =,
to r. To produce a desired n, will require a r which is quite dependent upon the
temperature of the process.
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The variable r is related to the total number of neutrons liberated per em®
in the stellar interior, which can be quite different than n. , the average number
captured by each heavy seed nucleus. Since values of r are very difficult to cal-
culate, it is instructive to turn to the comparison of neutrons produced, », and
neutrons captured, n., by the heavy elements per original seed nucleus. Recall
that there is always just one heavy nucleus produced per initial seed nucleus.
For any 7, n, = &gr, where & is the cross section averaged first over the heavy
elements produced for a given r and then over r. If «, is the number of light
nuclei per original seed nucleus or per final heavy nucleus, thenn = §ur + aLéor
where &, is a comparable average cross section for the light nuclei. In general
each light nucleus captures few neutrons. The &, is an average over the initial
and final nuclei in the neutron producing reactions as well as any light nuclei
which are present but which are inert insofar as neutron production is concerned.
Then

nc EH

— e 60

n Gg + aLéL ( )
Now suppose the number of neutrons produced, », is some fraction 8 of the num-
ber of light nuclei so that n per heavy nucleus is Ba;, . Then

ne = 2P < g% and < By, (61)
fr + arés oL

It is thus apparent that the number of heavy element captures, n,, is limited

not only by the neutron supply but also by the fact that the source nuclei also

capture neutrons. As an example, suppose it takes five light nuclei, with average

&, = 0.1 mb, to produce one neutron. Then for 5 = 50 mb, we have

150
< -2~
" =501
Such a simple consideration as this one may be the key to the rapid drop-off in
Fig. 19 for A > 200. Be that as it may, it is essential to use n, as the independent
variable. Then r can be calculated and then n, the actual number of neutrons
which must be produced in order to make n, neutrons available for heavy element
capture.

100. (62)

XII. NEW AND REVISED ABUNDANCES

Neutron activation analysis has in recent years led to new abundance deter-
minations in meteorites. In this section we will make use of new determinations
by Schmitt et al. (15) and by Reed et al. (16) in whose papers references to the
other work in this field are given. On the basis of these new determinations and
with some revision of Suess and Urey data we have prepared Fig. 20 which is
presented as a very tentative, but possible alternative to Fig. 1.
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Fic. 20. A revision of Fig. 1 based on new abundance evidence obtained by neutron
activation techniques. In addition the Suess and Urey abundances for Zr and Hf through
Au have been lowered by a factor of 2.5. The points corresponding to the isotopes of TI,
Ph, and Bi are calculated in a manner described in Section XIII.

Schmitt ef al. have determined the abundances of the rare earth elements in
chondritic meteorites. They find the abundances of the closed shell isotopes
La'®, Ce', and Pr'"! to be considerably less than the Suess-Urey abundances. An
average of measurements on the meteorites Allegan and Richardton yields the
abundances 0.40, 0.55, and 0.15 compared to the Suess-Urey values of 2.00,
2.00, and 0.40, respectively. These new measurements lower the N values for
these three from ~80 to ~20 making them closer to the closed shell nucleus
Ba'*® as seen in Fig. 20, which is to be compared with Fig. 1.

In order to supplement this new data we have also plotted in Fig. 20 average
oN values for elements which have several s-process isotopes, namely Cd, Sn,
and Yb. Elemental capture cross sections are available in these cases as indi-
cated in Table III. In the case of Cd and Sn we have used Suess and Urey abun-
dances. For Yb we use the new determination of Schmitt et al. We have also
noted that Suess and Urey chose an abundance value for Re 2.5 times that
estimated from observations on the iron phase of meteorites. Their value for
Hf was determined from the observational ratio relative to Zr. We note that
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lowering Zr* by a factor of 2.5 will place it closer to the curve through Y*, Mo®,
and Ru'”., We thus feel that it is not out of the question to lower Zr", Hf',
and Re'™® by a factor of 2.5, Lowering these nuclear species means that all iso-
topes of Zr, Hf, and Re must be lowered. Since Ta and W were interpolated by
Suess and Urey between Hf and Re we also lower Ta'®' and W'*, Finally, in
order to maintain the smoothness of the Suess and Urey curves, we lower by a
factor of 2.5 the abundance of all the elements and their isotopes from Hf through
Au. We note that similar, but not identical, abundance revisions have been
made by Cameron (8). The ¢N curve thus tapers off near A ~ 200 at a value
near 20 rather than 70. We note that this is very similar to the ¢N curve drawn
through widely varying “‘empirical” points by B’FH in 1957.

Reed ¢t al. confirm the abundance of Ba chosen by Suess and Urey. However,
for the heavy elements Hg, T1, Pb, and Bi they find very much lower abundances
in the chondritic meteorites but at the same time roughly the Suess—Urey values
in enstatite and carbonaceous chondrites. The only exception in these chondrites
is Hg for which they find rather large values to which they attribute considerable
uncertainty.

Presumably these low melting point elements were removed in the formation
of the ordinary chondrites in which relatively high temperature processes were
involved but not in the formation of the enstatite and carbonaceous chondrites in
which the order of 50 per cent of the material has clearly not been involved in
high temperature events. Reed et al. thus suggest that solar system abundances of
Tl, Pb, and Bi relative to Si are most reliably estimated from these latter meteor-
ites. Using the data of Reed et al. on the Orgueil and Mighei carbonaceous meteor-
ites to calculate abundances relative to the actual Si which they contain (lower
than in ordinary chondrites) and correcting for the probable removal of lead
from 50 per cent of the meteorite and from 75 per cent in the case of T1 and Bi
we find Tl = 0.74, Pb = 6.5 and Bi = 0.92 on the Si = 10° scale. We are
grateful to Professor L. Anders for suggesting this procedure. The values for
Tl and Bi are probably lower limits in view of the ease with which these elements
can be lost from meteorites (witness the ordinary chondrites). With our cross
section estimate for TI™ we find oN ~ 20. As will be discussed in the next
section, we find oN for Pb™ ® " ® approximately equal to 5 and for Bi*”, ¢N ~ 1.
There would thus seem to be a drop in ¢N above 4 ~ 200 and this will be dis-
cussed more fully in the next section. As emphasized above, we present Fig. 20
with considerable hesitancy. However, it differs from Fig. 1 essentially only in a
lower level for oN at large 4 and can be synthesized by changing the coefficients
of y(n, = 34) and ¥ (n, = 100) in Eq. (58) from 45 to 13 and in Eq. (59) from
8.2 X 10" t0 2.3 X 107°. There exists the remote possibility that ¢.N 4 remains
near 70 for 90 < A < 138 and then drops to 20 in the range 138 £ 4 £ 141
and remains constant to 4 ~ 200. In this case only the coefficient for ¢(n, =
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100) need be changed as indicated above. Inspection of Fig. 20 would appear to
indicate that either ¢ or N or both may be high for Sb'*.

The following remarks on the neutron economy (see preceding section) may
well be significant. If all the isotopes of C, N, O, and Ne were converted in hydro-
gen and helium burning® into Ne” and the two excess neutrons in this nucleus
were released by successive (a, ) reactions, the maximum ratio of neutrons to
iron group nuclei would be slightly over 100 using Suess—-Urey abundances
(CNONe/Fe-group = 63). This may mean that n. rarely exceeds 100 and the
drop in ¢N above A = 200 is real.

XIII. LEAD AND BISMUTH ABUNDANCES

Correlations between empirical and theoretical abundances of bismuth and the
isotopes of lead are of considerable importance because these two elements repre-
sent the end of the line for both the slow process and the rapid process of neutron
capture and subsequent radioactive decays. There is the additional fact that the
abundances of the lead isotopes are closely connected with methods of determin-
ing the time and duration of the processes of nucleosynthesis. This is because the
abundances of Pb™°, Pb™’, Pb™ are in part radiogenic as the end products of the
decay of U U™, and Th*. Cosmoradiogenic contributions occurred before
the formation of the earth and georadiogenic contributions thereafter. Cosmo-
radiogenic process also contributed to the abundance of Bi*”. The general prob-
lem was analyzed in some detail by B’FH and an extended and revised study was
made by Fowler and Hoyle (14). We are not in a position to propose a definitive
solution of the lead and bismuth abundance problem but wish at this point to
present the current situation as succinctly as possible. We are primarily interested
in illustrating how observed abundances may be eventually corrected for r-proc-
ess contributions in order to make a correlation with s-process calculations pos
sible.

From a concordant solution based on observed and computed ratios both for
U™/U* and Th*™ /U™, Fowler and Hoyle concluded that r-process nucleosyn-
thesis in supernovae in the Galaxy occurred over an interval starting 12 X 10°
years ago and terminating in so far as the solar system was concerned 4.7 X 10’
years ago. As a result of their calculations they were able to give r-process con-
tributions, primary, cosmoradiogenic, and georadiogenic, to the abundances of
Pb*® through Bi*”.

The relative r-process abundances calculated by Fowler and Hoyle ought to be

3 B2FH have shown that this is closely the case in the main line of hydrogen and helium
burning (see especially Fig. 2.1 of this reference). In the CNQ-cycle, C and O are largely
converted into N!4. Then in subsequent helium burning, N4 is converted into Ne?22
by N¥(a,v)FB(8*)08(«,v)Ne22. Furthermore, in the NeNa-cycle, Ne2’is at least partially
converted into Ne*,
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fairly reliable. The absolute values were essentially adjusted by the methods of
B’FH and of Becker and Fowler (17) to the empirical abundances of the os-
mijum, iridium, and platinum isotopes which occur in the r-process abundance
peak centered near A = 195 and which are produced almost entirely in the pri-
mary r-process (no radiogenic contributions and very little from the s-process.)
In what follows we include a factor r in the stated r-process abundances. Ex-
plicitly this factor will be unity if the Suess and Urey abundances' Os = 1.00,
Ir = 0.823, and Pt = 1.625 on the scale Si = 10° are correct and if the cal-
culations give the correct dependence on atomic weight over the range A = 195
to 255. We estimate a relative decrease by a factor of three from the calculated
trend might be possible over this range and in addition the Os, Ir, Pt abundances
might be high by a factor of ~2.5 as indicated in the previous section. There
seems to be little possibility that » could exceed unity so we estimate 0.1 < r < 1
and adopt r = 0.4 for certain of our calculations. Recent activation analysis
of Th and U in chondrites by Bate et al. (18) and Hamaguchi ef al. (19) sub-
stantiate this choice.

The lead isotope, Pb™, is produced only in the s-process and in particular
has no radiogenic contributions. Accordingly we will express all abundances rela-
tive to the abundance of this isotope. In general we will have for the isotope of
element Z with atomic weight 4:

z* zt |z

Pp™ ~ pp T P2’

(63)

where the subscripts s and r represent slow and rapid process contributions,
respectively, The Z,* will be taken from Table III of Fowler and Hoyle (14)
while the Z,* will eventually be calculable from the methods described in the
present, paper when experimenial cross sections for bismuth and the lead isotopes
are available. The Z,” are just the quantities N, given in Eq. (55). It is our be-
lief that the cross sections used in this paper are correct to order of magnitude
and that the y4-values ealculated are substantially correct with an important
exception to be discussed in the next paragraph. The ¢, for A = 202 to 209
as a function of n., the neutron exposure per seed nucleus, are shown in Figs.
15 and 18. To test the insensitivity of the y-function to an individual cross sec-
tion, we also calculated Ve and s for owe = 5.5 instead of the value 55 used
in this paper. These trial calculations resulted in only nominal changes in the
¥ values as a function of n, and will not be considered further. However, the final
values for Z,* depend inversely on ¢, so the importance of accurate cross section
values in any particular case is apparent.

Tt will be clear from Eq. (55) for N, = Z,* that in principle we will also need

¢ Here and in what follows we let chemical symbols represent atomic abundance.
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to know g(n.). In addition we must treat the equilibrium contributions for n, >
153 in a somewhat special manner, this being the exception in regard to our de-
termination of ¢, mentioned in the previous paragraph. Accordingly we will
divide contributions to Z,* into two physically distinct parts corresponding to
the contributions from g(n.) for n. < 153 and from g(n.) for n, > 153, since
n. = 153 marks the approximate onset of equilibrium. Define a terminal neu-
tron exposure as

Gr = f g(n.) dn. (64)
153
and let I, stand for
163
I, =f g(n)ya(n,) dn.. (65)
0
Then
a 1 1 4
Z8=—Js 4+ —~Gryr + Z.7°, (66)
T4 04

where yr is given by Eq. (44). For A = 206, the second term on the right must
be multiplied by 0.56 and for A < 206 it should be disregarded.

Applying the above considerations to bismuth and the lead isotopes yields
the following set of equations for the indicated ratios at the present time:

Pb™ oy Tos + 0.56Gryr , 06527 | 01147

= 67
Pb? gy Ta04 Phaoa Pbaos fo (67)
= 946 (iron met.); 19.38 (chondrites);
18.93 (recent terr.); 50.28 (Nuevo Laredo).
PO gyy Lo + Gogr , 09647 | 0.066 7
POo™ = g T PO T ppm T (68)
= 10.29 (iron met.); 15.86 (chondrites);
1573 (recent terr.); 34.86 (Nuevo Laredo).
Pb™ o304 Toes + Gryr , 03867 01107
Pb™  gas D phw T ppm I (69)
= 29.21 (iron met.); 38.63 (chondrites);
38.80 (recent terr.); 67.97 (Nuevo Laredo).
Bi™ 0w law + Gryr 0.939 r
PO = o T fai + PH fai. (70)
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The first terms on the right-hand side of these equations represent the s-proc-
ess contributions, the second terms are the primary and cosmoradiogenic r-proc-
ess contributions (line 7, Table ITI, Fowler and Hoyle, 1960) while the last
terms are the georadiogenic r-process contributions (line 9). For reasons which
will become clear below, we express the r-process terms relative to Pb®™ rather
than I** /gy, . The numerical lead isotope ratios for iron meteorites, chondritic
meteorites, recent terrestrial ocean sediments, and the Nuevo Laredo meteorite
are taken from data of Patterson et al. (20), Tilton et al. (21) and Patterson
(22).

The f’s in Egs. (67) to (70) have been introduced to represent the fractionation
of U, Th, and Bi relative to Pb at the time of formation of a specified object
(meteorite, terrestrial object, sun, ete.). It would seem reasonable that no frac-
tionation occurred in the formation of the sun 80 fun = 1 for all elements. The
iron meteorites have the lowest Pb™® ™ 8/Pb™ ratios which have been dis-
covered and accordingly are thought to contain no georadiogenic lead. Thus it is
assumed that they formed with no U or Th and hence fyrn (iron met) = 0.
With this relation it is a simple matter to calculate fy and fr, for other objects
from each of the first three equations above using the numerical ratios indicated
in each case. In each case we find approximately the same solution from all three
equations and also find fy = fru as might be expected from the chemical simi-
larity of these two elements. The average results are:

ﬁf vrh = 84 (recent terr); 86 (chondrites); 361 (Nuev Laredo). (71)

That the three equations give consistent solutions in each case is a result of the
facts that Patterson ef al. find a common age for the meteorites and the earth’s
crust and that Fowler and Hoyle were able to find a concordant solution for the
duration of nucleosynthesis in the Gallaxy using their r-process production ratios
for U™/U* and Th*®/U*® and the present day values of these ratios.

To find the f-values we use our previously adopted value r = 0.4 and obtain
Pb®™ in the following way: Pb = 6.5 in carbonaceous chondrites in which fy s ~
1 so that Pb = 6.5 — 0.4 (0.114 + 0.066 +,0.110) = 6.4 exclusive of geo-
radiogenic contributions. Iron meteorites are taken as giving the relative iso-
topic abundances exclusive of these contributions. In the iron meteorites Ph™/
Pb = 0.02. Thus

fuan = 27 (recent terr); 28 (chondrites); 116 (Nuevo Laredo). (72)

These large values are most probably due to depletion of Pb in the formation
of the earth’s crust and the meteorites some 4.5 X 10° years ago although in the
case of the Nuevo Laredo meteorite some enhancement of U and Th probably
occurred.
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The above considerations would seem to indicate reasonably consistent lead
isotope ratios in various objects of the solar system. Since the iron meteorites
require the minimurn r-process corrections we set fy,m = 0 in what follows, and
use lead isotope ratios from the iron meteorites. In order to discuss the behavior
of the oN-curve through lead and bismuth we require absolute abundances
for which we use the new carbonaceous chondrite values given in the previous
section; as a matter of principle we make the trivial correction Pb = 6.4 rather
than 6.5 when iron meteorite isotope ratios are used. Since Tl precedes Pb and
since TI™ results from the decay of the s-process Pb™ (halflife ~5 X 10’
years) we include Tl in our discussion. The adopted abundances are TI*® =
0.11/fn, T = 0.26/fr, Pb™ = 0.13, Pb™ = 1.21, Pb™ = 132, Pb™ =
3.74, Bi™ = 0.46/fs; . We retain fr1 < 1 and fp; £ 1 to remind us that Tl
and Bi may be depleted relative to Pb even in carbonaceous chondrites. We
now write the s-process abundances directly rather than as ratios to Pb™, as
follows (assuming no r-process contributions to T1):

TP = T = Ls _ 011 _ 0.22, (73)
7203 f'rl
Pb™ = Pb™ = 12 _ 13, (74)
0204
TP - ppios o Jme 02600 (75)
0205 le
ppee = 086 Grvr | Tow 91 _ 650, = 0095, (76)
0206 0208
po2 = Gr¥r Lo e 0064 = 093, (77)
ao0t ae07
ppo = Gr¥r | T gy 36, = 3.59, (78)
T208 7208
g = Or¥r | Do 046 000 051, (79)

o209 0909 Sei

In the final numerical values we have set r = 0.4 and set fr1 and fg;, the frac-
tionation of Tl and Bi relative to Pb equal to 1/2.

An aside on the above equations is in order at this point. In discussing lead
and bismuth abundances B’FH assumed Gr = 0 and I, = ¢,N, = constant.
In other words they extrapolated the ¢N curve for A < 200 to 4 > 200. As a
result they found order of magnitude discrepancies for lead and bismuth rela-
tive to the amounts found in ordinary chondrites. It would now seem that lead
and bismuth have been substantially depleted in ordinary chondrites and that
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carbonaceous chondrites give much larger and more reasonable values. However
a glance at Fig. 15 and the above equations will indicate that the problem is
much more complicated than assumed by B*FH. Figure 15 shows that for n, <
100, ¥4 drops rapidly in the range of interest and thus I, may do likewise.
Furthermore o, 4 is not given by I, alone but the G terminal terms must be
included where appropriate. Thus the lead and bismuth isotope abundances
(s-process) may be given almost entirely by the Gr terms and be completely
independent from a nuclear standpoint of the ¢.N 4 behavior at lower A. They
would then provide information on the ratio of neutron exposures for which
n, > 153 relative to neutron exposure for which n, < 100 in the s-processes in
stars of the Galaxy which contributed to solar system abundances.

Eventually all of the necessary neutron capture cross sections will be measured
and the problems raised in the previous paragraph will be amenable to solution.
As an example of how the calculations will go, let us use the adopted cross sec-
tions of Table II1. For simplicity let us assume that I, for A = 206 is negligible
and that » = 0.4. We recall that for A ~ 182, I, = ¢,N4 ~ 20 and that 13
Va(n. = 100) fits the o,N 4 curve with new abundance determinations. Then
we find from

Eq. (73): with e = 90, Iz = 20. This would indicate no decrease in I,
from A ~ 182to 4 = 203 and justifies our choice of fr1 = 1/2 made previously.

Eq. (74): with o4 = 55, Iy = 7.2. This decrease is somewhat greater than
expected from the curve for n, = 100 in Fig. 15. It even exceeds that expected
for n, = 84 or n. = 68. Possible explanations can be listed as follows (1) the
cross section for Pb™ is greater than 55 mb, (2) the abundance of Pb is greater
than 6.5 and Pb™ accordingly greater than 0.13, (3) there is a small capture
cross section at an atomic weight between A = 182 and A = 204. The diffi-
culty can not be definitely resolved with our present knowledge.

Bq. (75): with g5 = 11 (Pb), Ly ~ 6. This result is again consistent with
Ya(n, = 84) in Fig. 15.

Eq. (76): with oxs = 2.8 and neglecting I:s we find Gryr = 4.8. The neglect
of Tz is probably not justified in this case but at least Gy is correct to a factor
of 2 or 3.

Eq. (77): with g7 = 5.5, Grgr = 5.1 in good agreement with the results of
Eq. (76).

Eq. (78): with oxs = 1.1, Grpr = 4.0 in good agreement with the results of
Eq. (76) and (77). Since ¢ = 0.56, we find G'r ~ 8 which is the same order of
magnitude as the coefficient = 13 found for ¥4(n. = 100) previously. The drop
in the ¢4N. curve occurs primarily because ¥r < ¢(n, = 100).

Eq. (79): with ow = 1.8, Grr = 0.83/fs;i — 0.38 = 1.3 using fe: = 1/2.
This rather low value for Gy r may indicate that fu; is still smaller than the
value we have adopted. It would imply that in some carbonaceous chondrites
Bi ~ 2 to 3 relative to Si = 10°, ought to be found.
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In all of the preceding, we have concentrated upon meteoritic abundances.
A comment on solor abundances is now in order. In this case all of the f’s are
most certainly equal to unity. Thus, we expect Pb = 6.5 4- 3 on the 8i = 10°
scale where we had made a reasonable estimate of the probable error of our cal-
culation. The most probable value, Pb = 6.5, is taken as being consistent with
the meteoritic value. However, the range Pb = 3.5 to 9.5 is determined quite
independently on the basis of the variation of ¢N with A, which can be reasonably
expected from the analysis we have made in this paper. Goldberg et al. (23) give
solar Pb = 10 to 20 but Aller (24) has recently given a revised value, Pb = 0.36.
The abundance depends critically, of course, on f-values assumed for Pb-spectral
lines. Solar values for T1 and Bi are not available.

It will be clear from the above, that the sN-correlation problem cannot be
resolved at the present time. Clearly, we are at the mercy of our ignorance of
neutron capture cross sections in the kev range for the Tl, Pb, and Bi isotopes
and our ignorance of abundances for these elements. We await, in both regards,
the results of accurate measurements. In the meantime, we present this paper
as a ‘“Handbuch der Ezzprocess”.

Note added tn Proof. T. M. Helliwell of the California Institute of Tech-
nology has informed us privately that he has recently calculated certain f-values
for lead and the lead abundance in the Sun. He has submitted his results for
publication in the Astrophysical Journal. Helliwell finds excellent agreement, with
the experimental f-values for the Pb I line A 2833 determined by G. D. Bell and
R. B. King of this Institute who have also submitted their results to the Astro-
physical Journal. On the Si = 10° scale Helliwell finds Pb = 5.0 t?i . This
is in excellent agreement with the value, Pb = 6.5 = 3.0, deduced in this paper.
It is very satisfying that Helliwell’s value falls within the limits Pb = 3.5 and
Pb = 9.5 which were determined by us on the basis of a reasonable behavior of
oN at large A.

APPENDIX A. THE NEUTRON CAPTURE CROSS SECTIONS

Every effort has been made to rely on experimentally measured cross sections
wherever possible. Isotopic activation measurements near 25 kev come from
Macklin et al. (25) at Oak Ridge and Booth et al. (26) at Livermore. Cross sec-
tions for the elements in their natural abundances are reported from Oak Ridge
by capture tank (27) at 30 kev and spherical shell absorption techniques (28)
at 24 kev. Gibbons ef al. (27) (hereafter designated GM’N) published also a
graph of the capture cross sections for the elements, with cross sections for odd Z
divided by 2.4, and found a fairly smooth curve showing strong shell effects.
Where no other information was available, we often demanded that the cross
sections for the natural elements be close to this curve, which is reproduced in
Fig. 9.
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Table III containg much of this information. The table is constructed accord-
ing to elements, with the several isotopes of each element listed by mass number
in the second column. Those mass numbers lying on the s-process path are fol-
lowed by the letter s, with the combination sb indicating the branch in the path
at A = 64. The third column lists several items. Enclosed in parentheses opposite
the chemical symbol for the element is the abundance we have adopted for the
element. These abundances are of four types for reasons explained earlier in this
paper. As a superscript following each elemental abundance we include one of
four letters which indicate, respectively: (a) abundances obtained by neutron
activation analysis principally by Schmitt et al. (15) or Reed et al. (16), (b)
Suess and Urey (6), (e¢) four-tenths Suess and Urey for reasons explained in
Section XII, (d) an activation measurement corrected for probable fractionation.
The number in column three opposite each isotope of an element represents the
fraction by number which that isotope constitutes of the total element abun-
dance. All abundances are on the scale Si = 10°. The fourth column lists the for-
mation process for each isotope as in B*FH. The fifth column lists the cross sec-
tion for the natural element as measured by GM®N. All cross section values are
expressed in units of millibarns. We used values of the cross sections for the nat-
ural element as an aid in estimating many isotopic cross sections to be used in
our calculations. The numbers we actually used for this estimate are not those
listed in column four, which represent the latest values, but are those given in
earlier publications by GM’N. It is also this earlier data which is plotted in Fig. 9.
The sixth and seventh columns respectively indicate the isotopic activations of
Macklin et al. and of Booth et al. The eighth column lists the cross section we
have adopted near 25 kev for the s-process calculation for those isotopes in the
s-path.

The final column lists the product ¢N, where N is the abundance normalized
to 10° for silicon. Note particularly that all the numbers in this column do not
correspond directly to the ¢V of the s-process correlation; only those isotopes
which are formed predominantly in the s-process (s-only or s) have a ¢V which
is immediately meaningful for the s-process curve. If one-half of the abundance
of a given nucleus is estimated to be formed by the s-process, then its ¢ N should
be divided by two to give the s-process number. Those oN values for isotopes
formed in the s-process whose isotopic cross sections have been measured are
enclosed in parentheses, for these are the experimentally valid points which are
plotted to determine the behavior of the sN curve. Also enclosed in parentheses
are those ¢V values corresponding to the revised abundance data which is plotted
in Fig. 20. Where only an estimated fraction (14 or 24) of the abundances of
those isotopes can be attributed to the s-process, that fraction is explicitly
written in front of the parentheses to indicate the fraction of the value in paren-
theses that has been plotted. Question marks appear after the ¢N values that



TABLE III
Element Mass Element Formation OMstursl Ulgotopic Activation
Number Abundance FProcess ( 30 kev )* (25 kev)
Fraction of ORNL ORFL Livermore
Element
26" (6.00x10%)° 12
54 .059 e
568 915 < .;. s(e)
57s 023 < .;: sle)
588 003 < % s(e)
a1 (1800) 86
598 1.00 < % s(e)
2™ (2.74x20%)° 16
58 678 e
608 262 < 32: s(e)
6ls 013 < % sle)
628 037 <3 sle)
64sb .012 8 8.7
2™ (212)° 39
838 .689 s 116 14
658 31 s 46 o
0™ (s86)" 51
648 .490 s-only
668 .28 8
878 .041 5
68s .185 s 52
70 .007 r

# Increase by ~10% to
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obtain ¢7(25 kev)

%a

(25 kev)

15

25

98

70

8.7

116
47

87

144

32

389

(4.5x10%)

(1.7x10%)
(3.1x10%)

5.3x10%
8.8x10°
2.9x10°

(2.9x10°)
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TABLE ITI—Continued

Element Mass Element  Formstion Ratural “Tectopic Activation TAdopted oN
Number Abundance Process ( 30 kev)* - (25 kev) (25 kev)
Fraction of ORNL ORNL Livermore
Element,
5% (11.4)?
698 .602 8 93 640
71s .398 s 242 142 (850)
o8¢ (50.5)?
708 206 s-only a7 1000
728 .273 s 75 1000
138 .076 8 262 1000
748 369 8 54 54 (1000)
76 .077 r .40
35t (4.0)
758 1.00 £ 740 650 695 £ (2.8x20°%
Tl (18.8)%
74 ,0096 P
768 .091 s-only 300 500
78 0750 <3 600 8307
788 237 <3 300 13007
798 active [ 600
80s 500 <is 00 2.8x10°
82 089 r
3657 (13.4)P 650
79 .506 r,s-decay
8ls 494 <is 550 550 3.6x107%

2



Element

3

3

39

6

7Rb

Sr

Zr

Maes
Number

78
80
82s
838
848
86

858

87

84
Bés
87s

88s

89s

90s
9ls
928
93s
94s

96
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TABLE I1I—Coniinued

Element Formation UNatural YIsctopic Activation UAdopted oX
Abundance Process ( 30 kev) 25 kev) (25 kev)
Fraction of ORNL ORNL Livermore
Element
(51.5)b
0034 P
.022 s-only
.115 s-only 330 1.9x10°
115 < % s 660  3.9x10°2
571 <is 300  8.0x10°7
174 r
(4.4)%
.728 <3s 181 181 5607
272 r 75
(28.9)® 155
0056 P
.098 s-only 140 260
.070 s-only 190 260
.825 s-megic 16 260
(8.9)° 13.5
1.00 s-magic 13 28 18 (180)
(21.8)° 14
.514 s-magic 8 90
112 5 37 90
171 s 24 20
active s 53
174 s 24 24 (90)

028 r 24
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Element Mass

4

43

Ru

5

Number

93

92
94
95s
968
978
988
100

998

96

28

99
1008
101s
lozs
104

103s

102
104s
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TABLE III—Continued

Element Formation
Abundance Process
Fraction of
Element
(1.00)®
1.00 r,s-decay
(2.42)°
.150 >
.093 Ps8
.160 8
166 s~only
.096 5
.240 2s
097 r
active 8
(1.49)°
L0567 P
.022 ?
.128 z8 ;S-decay
.127 s-only
a0 <
.513 3
.183 r
(.21
1.00 <358
(.675)P
008 P
093 s-only

ONatural
kev)

30
ORN:

L

264

140

454

%Isotopic Activetion
25 kev

ORNL

209
83

386
211

Livermore

390

Thgopted
(25 kev)

264

224
217
374
300

660

477

386

1000

480

ON

87
87
a7
1
5 (174)

2207
1
3 (180)

2707



Element

46

s

49

Mass
Number

1058
106s
107s
108s

110

107

108s

108
108
1308

1128
1138
1l4s

113

115a

Element
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TABLE III—Continued

Formation
Abundsnce Process

Fraction of

Element

076
(0.11)®
.04

A A
(SR NI

L]

0

At

r,s-decsy

Pss

P R DI DI B
) 0 [ w g

H

Pss

951

330

763

Oxatural  Iso
{ 3 xev )*
ORNL

805

25 kev)
Iivermore

>300

8500
980

ic Activati.on @ sdoptea
(25 kav)

980

1040

1000

357

324
672

250

I Rj Pl Rl

393

o

1487

967

100?

631
(37)

k-4
5
5
5
K

M ]

(94)
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Element

8

Mass
Number

114

1168
1178
ll8s
12os
1208

124

121s
123

1228
123s
124s
1258
1268
128
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TABLE III—Continued

Element Formation ONatural O'Isoto ic Activation
Abudance FProcess (30 kev) 25 kev)

Fraction of
Element

(1.33)®
.010
.0068
.0035

.059
(0.246)°
573
.427
(1.85)%
0008
.025
.0089

J047

070 <

L3817
343

ORRL ORNL Iivermore

a8

b8
B-only

438
8 - 950 810
r 458 230

Phrgopted
{25 kev)

138
258

83
230

61

700
1930
383
1720
245
192
156

(28)

26
26
26
26
26

(124)

k3
32

220%

852
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Cs

Mass

1278

124
126
1288
1298
1308
1318
1328
134
136

1338

130
132
134s
1358
1368
1378

138s

138
1398

Elamant Formation
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TABLE III—Continued

Abundance Process

-

Fraction of
Element,
(0.23)*
1.00 <zg
(s.0)°
.0010 )
0009 )
.019 s-only
265 <%
.04} s-only
.213 < % 8
21 <3
.105 r
.080 T
{0.089)%
1.0 <3s
(z.66)°
001 i)
001 )
024 s-only
086 E]
.078 s-only
113 [:3
.718 s-magic
{0.40)*
0009 T
1.00 s-magic

a, Q.
Batural I ¢ Activation
{30 kev) ias kev)
ORNL ORNL Iivermore
733
820
900
1.4
95
50 49

Oadoptea
(25 kev)

470

1030

183

92

337

105
73

1.4

oN

1907

36
1.1x10°2

4207
1657

627

8 8 8 9

(20)
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Element

59

Nd

62

Mass
Nunber

136

1408

142

1418

142s
1438
1448
1458
1468
148

150

144

1478
1488
1498
1508
151s
1528
154
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TABLE III—Continued

Element Formation Ratural “Isotopic Activation TAdopted o
Abwdance Process (30 xev) (25 kev) (25 i)
Fraction of ORNL ORNL Iivermore
Element;
(0.62)% 35
.0019 p
L0028 P
.885 s-magic 31 3L (17)
A1 T 425
(0.15)% 115
1.00 s-magic 155 170 162 (24)
(0.74)®
.27 ;;;’gf" 150 )
121 s 335 30
.239 s 170 )
.083 s 490 30
,172 s 236 %
.057 r 250
.056 r 250
(0.25)% 875
.016 P
Jas1 0 < -;— s 320 127
113 s-only 213 6
A% < -32-' 470 161
074 s-only 324 6
active ] 800
265 <is 668 600 01

.226 T 527
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63

B4

85

86>

&7

Ho

Mass
Nusber

151

1538

152
1548

156s
1578
1588
160

1598

156
158
180s
16ls
1628
i63s

i64s

1658
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TABLE III—Continued

Elewent  Formation ORNatural Jlsotopic Activation
bundance Process (20 xev) 25 kev)

Fraction of ORRL ORNL Livermore

Blement
(0.028)%

AT

A A
P o
@

522

w

(0.36)" 1175
002 Ps8
L02z s~only
.148
206

.156

A A A A
(TR STEER ST VT

D47 s 70
.218 r
{0.055)" 1850

1.00 <

N
L)

(0.39)® 775
0005 .
0009 ?
.0228 s-only

<188

o

.255

A A A
- Ol TR DR
m

1250

.282 330

A
@

(0.078)% 1720

A
O
@

1.00

o,
(25 kev)

2560

710
1560
710
1580

710

2280

430
940

330

2210

‘

397

UR

1307

1257

1707
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TABLE III—Continued

Element . Mass  Element Formation ONatural Isotopic Activation OAdopted oK
Number Abundance Process (30 xev) (25 xmv) © (25 kev)
‘Praction of ORNL ORNL Iivermore
Element

585 (0.21)* 960
162 001 P
164 .015 »
1668 329 <3 500 357
1678 244 <3 1000 517
1685 269 <38 360 207
170 .140 r 298

T (0.039)% 1310
1698 1.00 <%s 1530 601

70%® (0.10)® 515 (18)
168 0014 r
1708 .0303 s 2540 s
171s 144 % s 1000 328
1728 218 %— s 486 g 20
1738 .162 £s 658 £
1748 508 2s 344 22
178 126 r 280

s (0.037)® 2520
1758 976 2s 2900 £ 100
176 .026 T

72 {0.175)°¢
174 .0018 P
1768 .0516  s-only 2400 22
1778 .184 s 1000 23



Element

72

74

7378

750

7605

Mass
Nunber

178s
179s

180s

181s

180

l82s
183s
184s

186

185s8

184

1868
187s
188s
189s
1908
192
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TABLE III—Continued

Element Formation ¢ Natural O1sotopte Activation

Abundance Process (30 kev) 25 kev)
Fraction of ORNL ORNL Livermore
Element
272 s
.138 s
. 354 s 441 260
(0.026)¢ 735
1.00 s 1400, 1200
{0.20)° 270
.0012 P
.265 s
143 :—25 5
.306 s 350
.286 r 296 270, 340
(0.054)°
370 -;" 8 2650
B30 r 270
(0.40)¢
0002 P

L0159 s~only

,0164 s-only
1
133 < 58
1
.161 < 38
264 < % s 886
.410 r

0,

{25 kev)

456

350

1300

1155
350

2650

3000

1500

886

oN

22
22

(22)

(34)

21

(21)

1
3 (s3)

19

1307

937
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Element

7

8

797

Ir

w%

et

1

Mags
Number

i81s
193s

180
182s
1948
1958
1968
198

1978

196

1988
199s
2008
2018
2025
204

2033
205
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Element
Abundance

gy

TABLE 111—Continued

Formation “Natuwrel YIsotopic Activation

Process

Fraction of

Element

(0.%28)°
385

.615
(0.650)°¢
.0001
.0078
.3281
551
.254
072
(0.088)°¢
1.00
(0.284)°
.0016
.1004
.169
.231
.132
.297
.068
(0.74)%
.295

.705

A

(M RS
n

A
@

®»
1
E‘ o

A
@

A A
Nl - i
o o

H

0=

b
g-only
8

-]

- b i

(%0 kev) (25 kev)
ORNL ORNL Livermore

330

210
240

1120 890, 1200
295

57

71

s (0% aecay)

Oadgopted

(25 kev)

1000

1000

700

210

1100

780

560
57

60(11)

N

1257

5.2

857

357

641

23

[V HA R

4.8

(20)
(8)
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TABLE III—Continued

0.
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Element Mass  Element Formation. “Natural thogic Activation hdopted oN
Nusber Abundsnce Process (30 kev) 25 kev) (25 xev)
Fraction of ORNL ORNL Iivermore
Element
a™® (6.4™% 343
2048 L020%% s-only 55 (7.2)
2058 active cycles 11.0
2068 .189%%  cycles (0.652r) % 2.8 (2.7
2078 206%*  cycles (0.964r) 5.5 (5.3)
cycles
2088 55 1o (0.386r) 1.1 (4.0)
gsBt (0.92)% 144
2098 1.0 cyeles (4 g3on) 1.8 + 0.7 1.8 (1)

magic

** The total Pb abundances exclusive of georadiogenic contributioms. The iron
meteorites are considered to give relative isotope abundances exclusive of
georadlogenic contridutions.

ek Cogmoradiogenic r-process contributions, 0.1« r< 1,0; adopted r = 0.4,

are not at least 14 s to indicate their lack of direct bearing on the oN curve.
Only three exceptions to this meaning occur in the ¢N column. One is at the
branch in the s-path at A = 64. Both Ni* and Zn* are formed predominantly
by the s-process, but their e N products do not indicate the level of the s-curve
because only a fraction (61 per cent for Ni* and 39 per cent for Zn*) of the s-
nuclei passed through each isotope on the path to heavier nuclei. We therefore
normalized these two ¢N products to what their value would have been if all
the nuclei passed through that point; that is o( Ni*)N(Ni*)/0.61 and «(Zn™)
N (Zn*)/0.39. The second exception in the ¢N column occurs at TI™, which is
believed to be formed in the s-process via the decay of Ph™. Since Pb™ is the
actual participant in the chain, the abundance of TI*® must be correlated with
the cross section for Pb™, which we assume to be 11 mb. The third exception
oceurs for the ¢N products of the isotopes of Pb and Bi. The abundances used
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in calculating these products are the result of correcting the observed abundance
for that part formed in the r-process as caleulated by Fowler and Hoyle (14).

Since only a relative few of the s-process isotopic cross sections have been
measured, we have had to estimate the others in various ways. The considera-
tions mainly used for these estimates are the following:

1. Since the s-process seems to be a reasonably correct model, we have used
the implications of such a model by assuming that the cross sections of the iso-
topes of certain elements vary inversely with the abundances attributed to the
s-process. This reasoning is not at all circular. Over a small region of atomic
weight the product ¢N resulting from the uniform neutron exposure of iron
nuclei will be nearly constant if (a) the region is sufficiently far away from the
seed nuclei (say A > 100) and (b) all the cross sections in the local region are
considerably greater than the smallest of the cross sections for lower A, Under
the above conditions, the group of large cross sections merely reach an equi-
librium flow with the rate determined by the small cross sections in an earlier
part of the chain. This type of behavior is clearly evident in the constant
regions of Fig. 14, all of which satisfy the above two conditions. Any super-
position of exposures will have the same properties. We use this behavior to help
estimate cross sections which, when thus estimated, predict the very behavior
we anticipated. The solution is then self-consistent.

This reasoning is used frequently in the numerical cross section estimates of
column eight of Table III. If the s-process abundances of the isotopes of an
element satisfying the two conditions are known, we may estimate the cross
sections of all of them from the measurement of only one of them.

As an example of this procedure, consider the isotopes of Ba. The isotope Ba
has a measured o1 = 11.4. Assuming that the product ¢ N 4 is constant for the
isotopes of Ba where N 4 is the abundance of isotope A which is created in the
s-process, it follows

138

o = % g8 = %;g 114 = 105
and so forth for the other isotopes.

2. If the s-process abundances are known, but none of the isotopic cross sec-
tions have been measured, we form cross sections inversely proportional to these
abundances which add up to give a measured or estimated element cross section.

As an example, consider the isotopes of tin. Because tin is proton magie, it has a
large number of isotopes, five of which are formed in the s-process path. Its
being proton magic will also produce cross sections smaller than the neighboring
elements. The only measurement available is that of 102 mb for the elemental
tin.

a. Negleet 4 = 112, 114, 115 because their abundances are too small to con-
tribute greatly to onatural -
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b. Since A = 116 — 120 are s-process, asume oN to be constant, ¢ = a/N.

c. Assume that o122 and e are decreasing at the same rateas oy, ous , and
o120 were decreasing.

Then we say, with a to be determined from the elemental o, that

@ __a e = O
T 01420 ™M T 0.0767 U8 7 0.238°

gy = 0.08—65 y

and guess

gize ™~ T4 ™

a

(Ts'()’

Onatural = 102 = E,. ca(Z)N4 =[5 + (0.047/0.41) + (0.059/0.50)]a = 5.2a,
a = 19.7. Substituting back gives o5 = @/0.142 = 19.7/0.142 = 138, o4y =
258, ous = 83, oy = 230, o = 61, g1z = 50, a1 = 40.

3. When the s-process abundances are unknown, we often assume general
trends in cross sections observed elsewhere to be operative for the particular
element in question. For instance, in the middle of a neutron shell, the cross
sections generally decrease among isotopes of a given element with increasing
neutron numbers. Characteristically o,42 ~ 340, , where n is the number of
neutrons. Odd neutron number isotopes seem to have cross sections about twice
as large as their even neutron neighbors in the isotopes of a given element, We
use the factor 2.2 arbitrarily, because it is the factor originally used for the odd
Z to even Z ratio for the element cross sections as reported by G*MN and shown
in Fig. 9.

4, Many other special considerations, as well as some outright guesses were
necessary to complete column eight of Table III.

The reader should be reminded that we are not attempting to predict neutron
capture cross sections. But since our model demands cross sections for calcula-
tion, we have been forced to make estimates. In a further analysis, we hope
to rely exclusively upon measured values. It must be realized too, that for the
purpose of the s-process, uncertainties in large cross sections (say >200 mb)
are not as important as uncertainties in small ones. The difference between 15
mb and 25 mb is much more important than the difference between 500 mb and
1000 mb insofar as the resultant effect on the calculated ¢ is concerned.

4
0.41°

APPENDIX B. NEUTRON CAPTURE AT HIGH ENERGY

At high temperatures the (n,~) capture process is opposed by the (v, n) photo-
disintegration reaction. The assumption of statistical equilibrium between
these two reactions lowers the effective value of {(ov) to be used in Eq. (1) to
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- _ wiwa Ny A; AN\ ET O\ —QikT
o = (o0 [ 1 - sy (B8)" (TN o] o

The subsecript ¢ indicates the initial nucleus, the subscript f indicates the final
nucleus, the subscript » indicates the neutron, the w’s are statistical factors of
the order unity, the n’s are number densities per cm® of the reactants, and the
other symbols follow standard notation. The neutron binding energy in the final
nucleus is a positive quantity given by @ = (M; + M, — M) ~4 — 8
Mev for the heavy nuclei. If in Eq. (80) wesetallw = 1,4, = A;,and 4, = 1,
there results

~ _ Ts i 83,0—(50.4‘25/73)]
(UD)eif, (0'7)) [1 P (3) X 10 y (81)
where Tj is the temperature in 10° degrees and @ is the binding energy in Mev.

Now if the final nucleus is stable n; is determined by (ov) for this nucleus and
only in rare cases will n; be an order of magnitude larger than n;. If the final
nucleus is beta active it will decay much more rapidly than it is produced and
ny < n; . Consider the case n; = n;and n, = 10" and Ts = 3. Then the second
term in the brackets is less than 10 per cent for

5042 _ 970> 0
Ts

or
Ty < 1.8 Qs . (82)

For Ts ~ 3 as used in this paper no correction need ever be made for this effect
since s > 4 for all heavy nuclei. For Ts ~ 7 the effect must be investigated
starting from the closed shell magiec nuclei where the smallest neutron binding
energies are found.

APPENDIX C. RELATIVE SOURCES OF ELEMENT ABUNDANCES

For purposes of astronomical observation it is interesting to estimate the
relative amounts of elemental abundances produced in the r and s processes.
This requires summing over the contributions to the abundances of each isotope
of an element. Table IV contains a summary of the best estimates we have been
able to make of the relative contributions of these two processes to the elements
heavier than iron. The r and s processes for elements lighter than iron are com-
plicated by uncertainties as to the seed nuclei involved and cannot be estimated
at present. Three quantities are compared for each element listed in column
one: (1) the observed abundance of the element is given on the scale Si = 10°
in column two; (2) the calculated (1, 17) abundance of that element produced



. TABLE 1V
ReLamive SBourcEs oF ELEMENT ABUNDANCES

Element Abundance r s r/s Merit
2%" 212° 20 296 .07 A
3% a86® 50 320 .2 A
508 11.4° 11 21.5 .5 B
3208 50.5° 3.5 45.6 .07 A
33he 4.0° .9 1.3 .7 B
z45e 18.6% 23 7.4 3 B
355" 13.4° 5.5 1.5 4 A
36T 51.3° 15 2.6 6 A
37°P 2.4° 2.7 1.5 2 A
3657 18.9° 1.4 6.2 .08 A
z9% g.9P 1.4 0.0 .1 A
20%* 21.8° 4.5 355 .1 A
a™ 1.00° .9 2.6 4 c
I 2.42° 1.1 1.7 7 c
o 2.2x10° yr. SN RG

4t 1.49° .26 .57 .5 B
4570 Yo .07 .07 1 B
467 .675° .19 .42 .5 B
478 .13% 058 .11 .5 B
48%d .89P 12 .69 .2 B
2™ AL 023  .048 .5 B
5058 1.33° .16 1.7 1 A
51°° .246° .05 .04 1.3 ¢
527® 1.83% 1.55 .31 5 A
55t .23 .17 .04 4 B
seke 4.0° 2.1 .48 4.5 B
5508 .069% .10 032 3 B
5628 3.66° .46 3.2 .1 A

405



TABLE IV—Continued

Element Abundence r s r/s Merit
5718 .20* .18 .52 .3 B
seC® .62% .36 .81 .4 B
59T .15% 022 .15 1 B
o™ .14 .25 .53 .5 B
147

61 2.6 yr. SN RG

2™ .25% .25 .35 R B
63o0 .096% a1 .04 3 B
6454 .36 .28 a3 2 A
6577 .055% 073 .00 7 B
66 .39% .22 .22 1 B
67 .08* 074 .010 7 B
Yad .21% 232 .13 2 B
P .039% .046 .04 3 B
70%P .19% .21 .17 1.2 B
nt .037% .027  .0076 3.5 B
P .175° .07 .17 4 B
7358 .026° 014 .06 .9 B
74" .20° 056 .13 .4 B
798¢ .054° .0d4  .008 5 B
7608 .40% .45 063 7 A
77 .528° .33 063 5 A
76%* .650° .59 .21 3 A
7gh0 .058° 11 019 6 B
go"8 .284° a1 .51 .2 c
g1t 74d 044 .70 .06 B*
g2'® 6.5 .90 5.6 .16 A*
gzBL .92% .36 .54 .70 Ax

a. Activation analysis. c. Four-tenths Suess and Urey.
b. Suess and Urey. d. Activation corrected for fractionation

*Thege figures of merit are primarily determined on the basis of radiogenic or closely
associated contributions which are necessarily r-process.
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in the r-process is given in column three; (3) the s-process abundances calcu-
lated by demanding that the ¢N product of s-process isotopes fall near the curve
in Fig. 20 is given in column four. Considerable caution must be applied in using
these numbers. All three abundances are subject to rather sizeable error at
present as revealed by the fact that column two is not the exact sum of columns
three and four. Columns three and four are independent estimates of the r and
s-process contributions and a comparison of their sum with the observed abun-
dance thus serves as a check on the overall theory of heavy element production
as outlined (1) by B’FH. We neglect p-process contributions.

The element abundances are of four types for reasons explained earlier in
this paper. As a superscript following each abundance we include one of four
letters which indicate, respectively: (a) activation analysis of meteorites, (b)
Suess and Urey, (c¢) four-tenths Suess and Urey, (d) an activation measurement
corrected for probable fractionation. Exceptions to this notation occur at the
radioactive isotopes Tc” and oPm™’ where the r and s columns have the sym-
bols SN and RG to indicate, respectively, that the observations are necessarily
r-process in Type I Supernovae and s-process in Red Giants. Tc”"* *® are produced
only in the p-process. The fifth column lists the ratio r/s of the calculated con-
tributions from the two processes. The final column lists a symbol of merit, A,
B, or C, regarding the certainty of the ratio r/s for a given element. These sym-
bols may be roughly interpreted to mean: A-near certain, B-probable, C-ques-
tionable. These figures of merit were not primarily determined by the accuracy
with which column two equals the sum of columns three and four, for such a dis-
crepancy may be merely an error in the observed elemental abundance. Rather
the merit is determined by the inner consistency of the investigations on the
source of the several isotopes of each element which were listed in Table I1I.
Recrivep July 15, 1960

REFERENCES

1. E. M. BursipGg, G. R. Bursipge, W. A. FowLER, AND F. HovLg, Science 124, 611
(1956); Revs. Modern Phys. 29, 547 (1957).

J. L. GreENSTEIN, in ‘“Modern Physics for the Engineer,” L. N. Ridenour, ed.,
Chapter 10. McGraw-Hill, New York, 1954.

A. G. W. CaMmERON, Astrophys. J. 121, 144 (1955).

W. A, FowrEr, E. M. BurBIDGE, AND G. R. BURBIDGE, Astrophys. J. 122, 271 (1955).

F. HovLE, Astrophys. J. Suppl. 1, 121 (1954).

W. A, FowrLER aND J. L. GREENSTEIN, Proc. Natl. Acad. Sci. U. 8. 42, 173 (1956).

2. GEORGE Gamow, Ohio J. Sci. 86, 406 (1935); Phys. Rev. 70, 572 (1946); Phys. Rev. T4,
505 (1948); Nature 162, 680 (1948); Revs. Modern Phys. 21, (1949).

3. R.A. ArrHER AND R. C. HERMAN, Revs. Modern Phys. 22, 153 (1950) ; in “Annual Reviews
of Nuclear Science,” Vol. 2, p. 1. Annual Reviews, Stanford, 1953. See also R, A.
AvrprHER, H. A. BETHE, AND G. GAMOW, Phys. Rev. 73, 803 (1948).

4. D.J. Hucrres, W. B. D. Sparz, aNp N. GorLpsTEIN, Phys. Rev, T8, 1781 (1949).



408 CLAYTON, FOWLER, HULL, AND ZIMMERMAN

D. J. Hucues, R. C. GarTH, AND J. 8. LEVIN, Phys. Rev, 91, 1423 (1953).

. GEORGE Gamow, Sci. Am. 196, No. 3, 154 (1956).

. H. E. Sugess ano H. E. Urey, Revs. Modern Phys. 28, 53 (1956).

. C. D, CoryYgLL, Laboratory for Nuclear Studies, M.1.T., Annual Report (1956).

. A. G. W, CameRrON, Astrophys. J. 129, 676 (1959). See also G. R. BUrBIDGE, Astrophys.

J. 131, 2, 519 (1960), and in reply A. G. W. CaMERON, Astrophys. J. 181, 2, 521 (1960).

. H. BatemaN, Proc. Cambridge Phil. Soc. 15, 423, 1910.

10. W. A. FowLeR, E. M. BursIpGE, AND G. R. BURBIDGE, Astrophys. J. Supp. 11, 167,
Appendix II (1955).

11. F. HoyLE (private communication).

12. D. D. CraxTton anp W, A. FowLER, Bull. Am. Phys. Soc. [2], 8, 407 (1958).

18. H. REeves AND E. E. SALpETER, Phys. Rev. 116, 1505 (1959).

14. W. A, FowLeR aND F. HoYLE, Annals of Physics 10, 280 (1960).

16. R. A. Scamitr, R. SHARP, A. W. MoseN, R. B. DurFiELD, AND L. ZUMWALT (private
communication). To appear in Geochimica et Cosmochimica Acta.

16. G. W. REED, K. KicosHr, AND A. TurkEevIcH, “Concentrations of Some Heavy Elements
in Meteorites by Activation Analysis.” Submitted to Geochimica et Cosmochimica
Acta.

17. R. A. Becker AND W, A, FowLgr, Phys. Rev. 115, 1410, (1959).

18. G. L. Batr, J. R. Huizenea, aNp H. A. PoTraTz, Science 126, 612 (1957).

19. H. Hamagucur, G. W. REEp, aAND A, TurkeviTCcH, Geochim. et Cosmochim. Acta 12,
337 (1957).

20. C. Parrerson, H. BrowN, G. Tivron, ANp M. INGHRAM, Phys. Rev. 92, 1234 (1953)
and Science 121, 69 (1955).

21. G. TivtoN, C. PATTERSON, AND G. Davis, Bull. Geol. Soc. Am. 65, 1314 (1954).

22. C. PATTERSON, Geochim. et Cosmochim. Acta 7, 151 (1955).

23. L. GoLpBERG, E. MiLLER, AND L. H. ALLER, in “Handbuch of the Solar System,”’
Vol. 4. Univ. of Chicago Press, Chicago, 1959.

24. L. H. ALLeRr, “Primordial Composition of the Solar System” (prepared for presenta-
tion at the Cleveland Meeting of the American Astronomical Society) December,
1959; see also L. H. ALLER, sn ‘“Handbuch der Physik,” Vol. 51, p. 324 Springer-
Verlag, Heidelberg, 1958.

25. R. L. MackuiN, N. H. Lazar, anp W. 8. Lyon, Phys. Rev. 107, 504 (1957).

26. R. Boora, W. P. BaLL, anp M. H. MacGREGOR, Phys. Rev. 113, 226 (1958).

27. J. H. GisBONs, R. L. Mackuin, P. D. MiLLER, anD J. H. NEILER, Submitted to Phys.
Rev. For early results by these authors see Bull. Am. Phys. Soc. (2), 4, 474 (1959).

28. C. W. Cook anp H. W. S8cumITT, submitted to Nuclear Phys. For early results by these
authors see Bull. Am. Phys. Soc. (2), 4, 359 (1959).

S 2>y ™

<3



~80-
B. Calculated Abundances of the Heavy Nuclel

Physical theories pertaining to heévy element synthesis.
must be evaluated on two counts. In the first place, the
mechanisms of productidn mnét be consistent with known physical
laws, Secondly, the predictions of the formulated theory must
be compared with the observed facts., It is toward the latter
that this section 1s directed.
| It.has already been emphasized in Section A that most of
the heavy elements are produced by the two stellar processes
called the s- and r-processes, as formulated in the review
article of Burbidge et al. (1), In fact the purpose of
Section A®™ was to formulate more quantitatively the theoretical
framework of the s-process. The time is appropriate, therefore,
to.review the quantitative predictionS'of these two stellar
processes. in morevdetail than was done in Table IV of CFHZ,

The object will be to compare the resultling abundance estimates
with current knowledge of element abundances and ilsotope ratios,

Knowledge of %he abundances comes from several sources,
Astronomical observations of spectral line strengths yield
information on element abundances in stars., In general, the
most accurate determinations are those made on light from the
sun (29). However, even for the sun, with a few exceptions

such as 013/012, it is not possible to make determinations of

*section A will hereafter be referred to as CFHZ.
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the relative abundances of the isotopes of the elements. On
the other hand, detailed examinatlon of terrestrial and mete-
oritic material can yleld felative isotopic abundances as well
as relative elemental abundances? In this case, héwever, the
élemental esbundances are subject to chemical and physical
fractionation which rust be evaluated 1n terms of known pro-
perties of the elements and assumed histories of the objects
under investigation. The comprehensive review of Suess and

" Urey (6) emphasizes the role of the fractionation problem in
the correlation of observed abundances, With‘suitable quali-
fications, these sgparate lines of investigation by astro-
physiciéts end geophysiclsts can be combined to give a complete
abundance curve for all of the stable nuclear speclies. The
terrestrial and meteoritic isotqpic abundances may be assumed
to be characferistic of those in the sun but not in other
stars, and there are even a few instances in which terr;strial
and meteoritic sbundances might be ekpected to be different
from those in the sun (31). Nonetheless, the sbundance curve
so obtained i1s fairly representative of solar system material.
The abundances should not be taken to be "cosmlice” or "universal,"
however, aé there is at present no certaln way to estimate
the‘extent to which the primitive solar material was repre-

 sentative of the universe, For purposes of comparison of

LY
"

W. D, Ehmann (30) has written an excellent review article
of recent abundance measurements obtalned by the technique of
neutron activation of meteoritic samples.
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éemitheoretical abundances with solar abundances, however, 1t
is 6nly necessary that no extensive fractionation of solar
material occurred during 1ts formation, .
Relative isotopic abundances are essential to an under-
standing of the processes of nucleosynthesis since the mecha-
nism of formation for the individual isotopes of an element
afe in general quite different. In particﬁiar, the observed
isotopic composition of an eiement whose different 1sotopes
are produced primarily in different processes indicates the
- relative amount by which theée processes have contributed to
the synthesls of solar system materilal.
In the following discussion fhe concern will lie with
the relatlve contributions of the r- and s-processes. The
Egprbcess will be ignored because lts effects are visible
only in the very rare, lightest lsotopes of the heavy elements.
The expectations of the r- and s-processes, taken Individually,
are determined primerily by observation of nuclear properties,
but the relative yleld of the two processes in solar material
is a simble fact of historyrwhich remains only to be uncovered.
In the s-process, the neutron capture cross sections of the
stable (or long-lived) isotopes are the significant quantities
for the determination of aéundances. In the r-process, a
~generalized nuclear mass law 1s employéd to determine neutron
binding enefgies and beta-decay lifetimes which are the signi-
ficant quantities in this case for the determination of abun-

dances., The s- and gfprocess calculations yleld relative
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abundances of the isotopes which then must be normalized to
observed abundances, It is this problem of normalization
‘.whiCh-is primarily the preéent concern, In a very general
sense, the ultimate solution indicates the rélative number of
27process and s-process events which contributed to the
synthesis of solar system materialr

From CFHZ it i1s evident that the normalization for the’
s-process contributions consists in the smooth adjustment of
" a theoretically reasonable ON=-curve to known cross sections,
o(n, y), and abundances, N, as a function of atomic weight.
In light of the fact that only those abundances formed in the
§7proce$s can take part in this correlation, the quantity
crNA(s) ié given the special symbol I,. Theoretically allow-

A

able IA-curves are those for which there exists some g(nc)

such that (see eq. 55 of CFHZ) -

Al

@
o, (s) = I, 2 J slng) Ying) ang | for A T 62.

In this equation g(n,) represents the number of iron group
nuclel that had been exposed to a neutron flux resulting in

an average of n, neutron captures per seed nucleus before

c
mixing into the original solar materlal, It also follows that

»J€“°g(nc) dn, 1s approximafely equal to the total number of

" nuclei in the solar system with A = 62 which have been produced
in the s-process.

An important general result found by CFHZ is that ¢h(nc),

and hence I,, is relatively insensitive to changes in all but
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. the smallest of the cross sections in the s-process chain,
This fact insures that an I, calculated on the basis of the'
cross sections given in Table III will be approximately equal
to the I, resulting from the actual cross sections. Once a
curve IA_has been chosen, 1t follows that the abundance pro-
duced In the s-process, N, = IA/oh’ is inversely proportional
to its neﬁtron capture cross section.b This last conclusion
emphasizes the importance of accurate knowledge of these cross
sections for purposes of abundance calculations, A tentative
determination of IA was presented by CFHZ in figure 20. 1In
this section that curve -is assumed to be correct, the s-process
abundances being calculated from it and from the neutron cap-
ture croés sections,

An important clarification of the resulting s-process
sbundences must be emphasized at this point. The salonlated
abundandes agree, of course, with the observed abundances
whenever a given ON-product falls on the smooth curve of
figure 20, Also, the calculated and the observed isotope
ratios are nearly equal for those predominately s-process
elements whose isotopic neutron éapture cross sections were
chosen to be inversely proportional to the 1isotopic abundances,
In neither case does the result imply that the observed abuh-
dance ‘1s more accurate than those for néighboring elements.

The degree of agreement between the calculated and the observed
sbundances rests on the picture in the large, so to speak,

rather than on 1lsolated cases.
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The method of normalization for the r-process calcu-
lations is to adjust the parameters of the model until the
gbundance peaks near A = 80, 130, and 196 are fitted., Errors
in the mass‘law used will result only in minor errors in the
shape of theégrprocess abundance distribution, but the norﬁali-.
zation of the ?esultént shape rests primarily on the observed
abundances of 0Os, Ir, Pt, Te, Xe, Se, and Kr, Considerable
evidence has arisen that the Suess and Urey (6) abundances
of these elements may be too large. The abundances of Se, Xe,
Kr, and Te were "boot-strépped" together in‘their analysis,
Terfestrial ratios of the rafe gases were used, thereby setting
Kr/Xe. The abundance of Te was determined by extrapolation
- from Xe and by observed ratiés with Se, which in turn was deter-
mined by augmenting Se/S observations due to the slightly
greater stabllity of Se compounds'as compared with S compounds.
' Recent abundance measurements of meteoritic samples by the
techﬁique of neutron activation (30) have revealed that Te
end Se are lower by about a factor of three in meteorites
than the value given by Suess and Urey. It is, therefore,
not unreasonable to reduce both of these grprocess’peaks by
& similar factor. The activation analyses of Os and Ir have
indicated that their abundahces are about one-~half of the
Suess and Urey value. Ehmann (30) gives 0s = ,6 and Ir .= ,38.
A similar reduction for Pt would therefore be indlcated.

The last reductions afe consistent with the factor of 2.5 by

which these elements were reduced by CFHZ on the basis of
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genepal smoothing arguments. It 1s also worth noting that
Taylor (32) concludes that the smoothing process of Suess and
Urey has overestimated the abundances of r-process elements
in the rare-eérth~region. |

For these reasons the calculations of Burbidge et al. (1)
end of Becker and Fowler (17) on the r-process abundances,
based as they were on normalization to Suess and Urey sbun-
dances, were uniformiy reduced by a faqtor of 2.5, This
simple‘assumption will have to suffice until more accurate
experimehtal abundance Information on the r-process pesks is
. avallable,

Exceptions to this general procedure of sbundance caldu-
1ationsloccur for the elements Tl, Pb, and Bl. In addition
to direct formation in the r- and s-processes, these elements
are in part the results of radiogenlc decays. The r-process
- contributions, both direct and radiogenic, are taken from
Fowler and Hoyle (1lL). The present-day Th and U sbundances
employed for these:calculations are Th = 0,173 and U = 0,045,
The s-process contributions are the difference of the observed
abundances and the r-process contributlons. This procedure
produces, of course, exact agreement of the observed abun-
dances with N, + Ns' Such an attitude was adopted by CFHZ
to determine the behavior of the s-process ON curve for A>200.
See Section XIII of CFHZ for the details,

| The results of these calculations are shown in Table V,

The isotopes of éach element are listed by mass number beneath
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the chemical symbol of the element in column one, The letter
s following a mass number identifies that isotope as lying

on the s-process path., Column two gives the abundances of

the elements and theilr isotopes as used by CFHZ. The element
abundance is enclosed in parentheses with superscript opposite
the element symbol., The superscripts indicate the following

- sources for the abundance given: a, activgtion analysis of
meteoritic samples (30); b, Suess and Urey (6) value; c, O.L
times the Suess and Urey'value for reasons indicated'by CFHZ;
d, activation analysls corrected for probable fractionation
of the meteoritic samples used.” The abundance of each iso-
tope follows from the element abundance and the known isotopiec
composition of the elements in terrestrial material.

The expected value of I, taken from figure 20 of CFHZ
isllisteq in column three. = The neutron capture cross sections
" used for calculation of the s-process abundances are given
in colurm four. The resulting abundance, Ng, 1s equal to I/o,
The siith column céntéins the renormelized r-process abun-
dances, ﬁr.

The final two columns contain,'respectivqu, the sum of
the r- and s-process contributlions and the rétio of the r- fo

s-process contributions. The sum, N, + Ng, is the quantity

*The abundances of Tl, Pb, and Bi from chondritic mete-
orites are much smaller than the values given here., TFor a
discussion of this problem, see Section XIII of CFHZ.
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to be compared to the observed isotopic abundance,®

The
ratio, Np/Ng, is an indication of the relative extent to
which the isotopes have been formed by these two processes

in the solar system. It should be noted that this ratio
must not be taken to be of "cosmic" significance. Obser-
vations of extra-solar material could lead to quite different
ratios. It would be expected, however, that when a similar
table can be constructed for another star, all the N,/Ng
ratlios will differ from the solar ratio by a constant factor
over the flat portions of the I, curve. The solar ratios can
nonetheless serve as a rough guide to those elements which
could most probebly be seen in r- and s-process events, The
~ratio NI,/Ns should replace the more qualitative aésignmqnt
process given originelly by Burbidge et al. (1), although no
ma jor changeé are required.

The comparison of the calculated abundances with the
observed abundances is quite encouraging. It has been men-
tioned previously that good agreement will, of course, be
expected for those elements which dominated the normalizations.
One such example 1s Ba, whose heaviest 1sotope, Ba138, falls

on the I, curve of figure 20. The cross sectlons for the

*Recall that no account has been made of the p-process.
For this reason the lightest 1sotopes of the elements remain.
completely unaccounted for in this review, Small corrections
to Np + Ng resulting from this process are also not included,
but they are insignificant, See Burbidge et al. (1) for a
review of the p-process. v ,
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other isotopes of Ba were chosen to gilve ON products equal
to that at A = 138. Since the r-process contributes a rela-
tively smgll amount to this element, the calculated abundances
end isotope ratios agree well with the observed quantities.
Future measurements of the capture cross sections for all the
" isotopes of Ba will remove this arbitrariness and will confirm
or refute, as the case may be, the s-process éalculations.
Similarlarguments apply to many of the elements,

The qalculated abundances, 0s = ,51 and Ir = ,39, agree
well with the values Os = ,6 and Ir = .38 obtained by Ehmann (30).
This fact reflects the correctness of the normalization used
in the grproéess calculations, ' The excellent agreement of the
isotope ratios calculated for these elements, on the oth;r
hand, indicates the correctness of the r-process theory and
the'selection of;parameters as formulated by Burbidge et al. (1),

More meaningful in terms of theoretical prediction is

the success with an element like Gd, which did not participate

in the normalization of either process. Both processes con-
tribute substantially to its isotopes, and the resulting pre-
dictions account for the abundance of each isotope remarkably
well. Unfortunately, the neutron capture cross sections used
in the determination of the sg-process contributions are not
entirely measured values,

Some difficulties are, of course, also encountered. For
example, the 1sotope rétios of Kr (mostly r-process) and of

Mo (mostly grprodess) are not very good. The element Hg may
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‘be cited as particularly vexing. Not only is its abundance
difficult to determine because of its physicai properties,
but isotopic capture cross sections are sorely needed.

Abundances measured by neutron activation are certainly
tending to support the general attitudes taken in this work,
In addition to the new abundances mentiened already in the
r-process peaks, Ehmenn (30) has reported the abundances of
Ta and W as .019 and .11 respectively. These numbers are
- much nearer those calculated in this work (Ta = ,030, W = ,18)
than to the values of Suess and Urey (Ta = .065, W = ,149).

The importance of these two elements lies in the somewhat
arbitrar& reduction of Suess and Urey abundances performed
by CFHZ for determination of the.IA curve of figure 20, This
reduction‘is now justified;

In spite of the success of these calculations, the theo-
retical abundences must be considered as only tentative. Con-
tinuous improvement may be hoped for from several sources.

. Foremost among these is the measurement of isotopic neutron
capture cross sections., The cross sections used for the present
calculaéion are mostly interpolated semiempirically frem known
cross sections. More known cross sections will also provide
more data points for determination of the I, curve. The shape
of the r-process yields may be improved with better theore-
tical expressions'fer the binding energies of neutron-rich
‘nuclei, Finally,‘the importance of continuing sbundance ob-

servations must be emphasized. In particular, the normalization
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\

of the entire r-process yleld rests on the observed abun-
dances in the r-process peaks,

. The abundance calculations héve been made in}order'to
facilitate comparison with observation and Qot to create a
new table of abundances. However,'there will be some circum-
stances under which it is advisable to use the calculated
- Np + Ny abundances which var& in a relatively smooth manner
with atomic weight rather than the "observed" abundances
which show discontinuities arising from different techniques
in measurement. However, the calculated abundances rmust

alwajs.be used with considerable caution.
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Table V . Contributions to Isotopic Abundances

Element

Abund, I, O N N
Isotope ' A A 8 r
29 Cu (212)P | 296 20
63s 146 17000 115 146 10
658 66 7000 ' 47 150 10
30 Zn (4,86 )P 320 4O
" blsb 238 10000 . SO 80 0
66s 134 5000 40 125 10
678 20 3500 1L 2, 10
68s 90 2900 32 91 10
70 3.4 10
31 ca (11.4)P 21.5 11
69s 6.9 2200 200  11.0 10
71s 4.5 1500 1h2 10.5 .88
32 Ge . (50.5)° | 4S.6 3.5
 70s 10,1 1700 170 10.0 O
728 13.8 14,00 105 13,2 .88
738 3.8 1200 310 3.9 .88
7hs 18.6 1000 84  18.5 .88
76 3.9 4o 0 .88
- b
33 AS (40) 1.30 .88
758 I.0 900 695  1.30 .88

Nr +Ns

%Z
316 .07
156 .07
160 .07 .
360 o2
80 0
135 .1
34 .
101 .1
10

32 .5
21 .9
1.4 a2
49.1 .07
10,0 0
4.1 .06

4.8, .2
19.4 .OS

.88

2,18 .7
2.18 .7



Eigﬁigz Abund. ,IA A Ng Nn Np + Ng %i
3l Se (18.8)% 7.4 23.5 30,9 3
7 0.18 0 0
76s - 1.7 800 300 . 2,7 0 2.7 0
778 1.4 700 600 1,2 0.88 2.1 o7
78s u.h 600 300 2.0 1.4, 3L W7
798  Txiolyr. 500 600  (.8)F (1.25) 2.1
80s 9.l Lo 300 1.5 17.0 18.5 11
82 1.7 - 300 0 L2 k.2 r-only
35 Br  (13.4)° 1.5 S 6.9 I
179 6.8 0.8 1,28 | 2.1 1.5
8ls 6.6, 40O 550  0.73  L4.2 4o 6
36 Kr (51.3)P 2.6 15.3  17.9 6
18 017 0 0
80 1. 0 0
81 2x10%yr. o . o
82s 5.9 360 330 1.1 0 1.1
83s 5.9 330 600  0.85 4.2 L:8 8
8ls 29,2 300 300 1.0 9.7  10.7 10
86 8.9 o 1.35 1.35 r-only

" _
Isotopic Abundances in parentheses are unstable.

3 :
Underlined abundances are the products of long lived decay.,



Element  Abund. Iz 7.0 Ng Np
sotope
37 Rb (4.l)® 1.54 2,70
858 3.2 280 181  1.54 1.35
87 1.2 7 .0 1.35
38 sr (18.9)b 16,8 73 1ok
8l .5 0 0
86s 1.85 260 140 1.86 0
87s 1,32 240 190 1.26 0
88s  15.6 210 16 13.1  1.35
39 Y (8.9)° 10,0 i Le38
89s 8.9 180 “$718 20,0 1 1,38
4O Zr (21.8)°¢ 35.3 L5
908 13,2 .. 160 7. 8 . 20.0. ' 0.9
91s B 0 280 TR Bl 0.9
928 3.7 140 - 24 5.8 0.9
93s  1.1x10%r. 135 53 (2.6) (0.9)
s 3.8 130 .24 SJ 0.9
% 0.61 2, o 0.9
11 b - (1.00)P 2,6 0.9
91 long 1life 0 0
93 1,00 . 138 2,6 0.9
o  1.8x10%yr. 0. o

Np + Ng N
s
L.2l 1.7
2.89 ' 0.9
1.35 r-only
17.55 .08
1.86 0
1.26 0
1h.45 o1
11.35 1
11.35 o
39.8 ol
20,9 .05
5.0 «2
6.7 o2
3.5
6.3 .2
0.9 r-only
3.5 ol
3.5 oli



Element

Isotope ° Abund. Ta Oh‘ Ns‘ e
42 Mo (2.42)P 1.68 1,09
92 .36 0 0
'9u 022 0 0
95s 439 120 22,  0.54 0.9
96s 10 115 217 0.53 0

97s .23 105 374  0.28 0.063
98s .58 100 300  0.33 0.063
100 .23 0 0.063
43 Te radioactive
97 2.6x10%r, 0 0
98 l.leOéyr. 0 0
99s  2.,1x10%yr. 90 660 (s14)  (.063)
Wy Ru (1.49)° 0.57  0.26
96 - 085 0 o]
98 .035 0 0
99 19 0.1 0.063
100s .19 80 477 0.7 ©
101s .25 75 880 0,077 0.063
1028 L7 70 386 0,18 0,067
10l .27 211 o0 0.067
45 Fn (.27)% 0.065 0,067
1038 .27 65 1000 0,065 0,067

Nr+ Ns _N_'_-p
Ns
277 o7
1.4 1.7
0.53 0
0.34 .23
0.39 19
0.06 r-only
20
0.83 o5
0.20 L5
0.17 0
0.14 .8
0.25 «37
0.07 r-only
0.13 1.0
0.13 1.0
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E:E?ggg Abund, Ip Oa Ng Nr‘
46 Pa (.675)P L18 ,186
102 005k 0 0
104s 063 65 480 ,135 0O
1058 .15 62 960 065 067
1068 .18 60 520 115 ,067

107 L.5x10%yr. 58 1040 (.055) (.029)
108s .18 56 560 .10  .029
110 091 51 0 .023
L7 Ag (0.13)% .108  ,058
107 0.067 2055 029
109s 0.063 53 1000 .053  .029
48 cd (0.89)b‘ «689 .115
106 .011 0 0
108 .0078 0 0
110s o1l 51 337 .151 0
111s .11 49 660  .O7L .023
1128 = - .21 47 324 45,023
113s A1 s 672,067  .023
11hs .26 bWy 290 .152 023
116 .068 250 0 .023

Nr + Ng

° 601

135
.132
.182

.08l

.129
.023

<166
.08l
.082

8oL

.151
+097
.168
.090
175
+023

o3

r-only

.5
.5
.5

.2

.31
.15
.34
.15
'r-only



R e TG N e Meede g
45 In  (0.11)P O48  .023  Lo71 .5
113 - .004b - 0 0
115s | .105' 43 900 048  .023 071 o5
50 sn . (1.33)° 1,721 - .16  1.88 .1
112 013 0 0
11h .009 0 0
115 - .00u7 0 0
116s .19 L2 138 W34 0 - .304 0
117s .10 11 288  .188 ° ,012  .170 .08
| 1183 .32 40 83 482 012 A9 .025
' 119s .12 39 230 .69 .012  ,181 .07
120s .43 37 61  .608 .018  .626 .03
122 .063 50 0 .018 .018 r-only
12l +079 40 0 .08l .08y r-only
51 Sb (.21;6)b ‘ OL0  .051 .091 1.3
121s 1l 35 880  .040 .018  ,058 48
123 .105 350 0 .033 033 r-only
52 Te  (1.83)° .307 1.55 1.86 5
120 0018 o 0
122s . .04 35 700  .050 O 050 0
123s .016 34 1930 .018 0O .018 0
C124s L0885 33 363 L0910 .091 0
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Element I, o, . Ng er
Isotope
52 Te (cont.) | .
125s .13 32 1720 ,L018 ,070
1268 .3l 32 245 130 .20 |
128 . - .58 192 0 .59
130 63 156 0 69
531 (0.23)8 . .038 .17
127s '.23 31 820 .038 .17
129 1.7x107yr. 0 (.47)
5l Xe (1.6)° U7 2413
12y 0016 0 0
126 0016 0 0
128s 030 31 470 L,066 O
129s A2 30 1030 ,029 LT
130s 06 30 227 .32 0
131s .34 30, 500 060 «69
132s i3 29 153  .190 .69
134 <17 115 0 »10
136 1l 92 0 .18
55 Cs (1069) 032 .10
1338 .069 29 900 .032  ,L10
135 3x106yr. | (.10)

0

Ny ¢ Ns N
bl
.088 L
«33 1.5
59 r-only
«69 r-only
.21 i
21 i
2,61 ' u-QS
066 0
«50 16
13 0]
w75 11
.88 L
010 r-only
.18 r-only
13
13 3
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| lls

Bleners P %
56 .Ba (3.66)P 3.22 Uk
130 .0037 0 o

132 +0037 . 0
,13ns - .088 28 337  .083 ©
138s 24 28 12 .226  L10
1368 .28 27 105  .2857 0
137s L1 27 73 W371 .18
1385  2.62 26 11, 2,28 .18
57 La  (0.40)% 52 .18
137 6x104yr. | o 0
138 Lx10~%, (10t tyr.) o o0
139s 1o 26 50 .52 ,18
58 Ce (0,62)% 81 .36
136 o012 0 o
138 .0016 0 0
- 1L40s «55 25 31 81 .18
142 .069 s o .18,
59 Pr (0.13)"® W54 .022
.15 25 162 .54  .022

Np + Ng N
Ye
3.68 | o1l
.083 0
33 A5
«26 0
.55 .5
2.146 .08
o 70 o3
70 3
1.17 ol
Q99 02
.18 r-only
176 1l
176 L1l
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Eiggzgz | Abund, IA | o, Ng N?
60 Nd (0.74)% 531 J2U6
1428 .20 25 150 167 0
143s .090 2y 335  .072  .022
1uus. .18 2y 170 Al 022
14Ss 061 2, 490 oLy  .022
16 13 24 236 .02 069
148 .0l2 250 0 .069
1150 Lol1 250 0 .ol2
61 Pm radioactive
145 18 yr. 0 0]
146 1l yr. . o 0
C1Lh7 2.6 yr. 0 (.069)
62 Sm (0.25) 346 L2149
1Ll 400k 0 0
146 . 5x107yr. .0 0
147s 038 24y 320 ,075  L069
1u85' .028 2l 213  .,113 ©
149s .035 23 470 LO049  .O42
150s .018 23 32 L71L O
151s - 93 yr. 23 800 (.029) (.042)
152s 066 23 600 L038 069
15l 056 821 0 .069

Nr+ NS N.
Ve
o777 .5
«167 0
.09 3
«163 ol
.071 .5
171 .7
.069 r-only
02 r-only
«595 o7
.1l .9
.113 0
.091 «9
071 0]
107 2
.069 r-only



.11

Eiigggg Ab§nd. I, o, Na Np

63 Eu (.096)® .038  .111
151 .06 .029 042
153s .050 23 2560 ,009 L069

6l Gd (0.36)8 126 .284
150 > 10%yr., 0 0
‘152 ©.0007 0 0
15hs 008 23 710 .032 0
155s .053 23 1560 .015 ,0L46
156s 074 23 710 .032 .0L46
1578 086 23 1560 L0185 .06
158s 089 23 710  .032 .073
160 .079 . o .073

65 Tb (.055)% .010  .073
159s .055 22 2280 .010 .073

66 Dy (0.39)% 225 .22
156 ,0002 0 o
158 000l 0 0
160s .0089 22 430 .051 ‘o
161s O74 22 940,023 L,050
1628 .100 22 380 .058 050
163s 100 22 840 026  ,050
16Ls” 22 330 067

074

Nr L 4 Ns . N
Y

<149 3
.071 1.5
.078 8
A0 2
.032 0
.061 3
.078 1.l
.061 3
.105 2.3
073 r-only

- .083 7
.083 7
L9 1
.051 0
.073 2.2
.108 .9
076 1.9
.41 1.1



Element Abund. In LN Ng Np Np ¢+ Ng

Isotope ‘§§
67 Ho (.078)"% .010  .07h .08l 7
1658  .078 22 2210 .010 .07k .08l 7
68 Er (.21)% 127 .232 .359 2
162 .0002 0 0
16l .0031 0 0
166s 069 22 500 .ok .OTh 118 1.7
1678 .081 22 1000 .,022 .046 .068 2.1
168s .0S7 22 360 . .06l  .OLb .107 .8
170 .029 | 0 .066 .066 r-only
69 Tm (,039)% | .01} .O46 060 3
169s  .039 22 1530 .O0l4 046 . 060 3
70 Yb (.19)® 74 .213 .387 1.2
168 0003 . 0 0 |
170s  .0058 22 2340 .009' O .009 0
171s  L,027 22 1000 ,022  .066 .088 3
172s .02 22 486 .045  .066 111 1.5
173s .031 . 22 658 .03 -.027 .061 .8
174s ' .059 22 34l .06L  .027 = .091 A
176 .02k | 280 o .027 .027 r-only
71 Lu (.037)8 | .0076 ,027 .035 3.5
17Ss .036 22 2900 ,0076 .027 .035 3.5

176 .001 ' 0 0



E§22§;2 Abund. I, | oy Ng Nr
72 BF . (.175)° 167 069
17l .0003 0 0
176s " .0090 22 21,00 ;009 0

177s .032 22 1000 . .022 ,027
178s ;oua 22 us6 L0488 .ol
179s .02l 22 900  .025 .01l
180s  .062 22 380  ,063 .0l
182 7.5x10%yr. 0 (.o1k)
73 Ta (,026)° .016 .01l
180 0 0
181s - .026 21 1300 ,016 .01k
h W (0.20)° .128 .06
180 .0002 0 0
182s .053 21 420 .050 .0l
183s 029 21 1185 .018 .ol
18ls 061 21 380 .060 .01k
186 ;057' 0 .01l
75 Re (.0514)% .008 .ol
185s 020 .21 2650 ,008 .0l
187 - .03l 970  © .030

Nr ¢+ Ns N
Ns

«236 A
009 0
.0L9 1.2
.062 e3
«039 .6
0077 02
«030 9
.030 <9
.18l A
.06l .3
.032 .8
074 .2
<01l r-only
.052 s
.022 1.8
.030 r-only



S

Eg. gﬁggz Abund, 9, . Np
76 0s (.40)° (063 JLL8
18) 00008 0 0
186s .006]; 21 3000 .007 O
1878 ' .0066 21 3000 .007 0O

188s 053 21 1500 .01l  L061
189s .06l 21 2000 .Ol1  .056
190s 106 21 886 .024 .103
192 .16l 0 .228
77 Ir (.328)° 063 .33
191s  .126 21 1000 .021 ,113
193s .202 21 500 . .0k2 .22
78 Pt (.650)¢ 209 . .59
190 .00007 0 0
192s . .0051 21 1000 .021 0O
194s .21 21 400  ,050 .35
195s 22 21 700  .033 11
196s .17 21 . 210 .100 .11
198 oyt 20 o0  .022
79 Au (,058)° | 019 .11
197s 058 . 21 1100 019 L1l

+ N N

i of Nﬁ
o511 7
007 0
«007 0
.075 L
« 067 5
228 r-only
-39
13l
.26 5
80 3
.021 0
10 7
b 3.3
21 1.1
022 r-only
13 6
13 6



Eisgg;: ~ Abund, Iy o, Ng Np
80 Hg  (.28L)P 509  L11
196 .0005 0 0
198s .0285 20 560  .036 O

199s - .o048 20 780  ,026 022
'200s .066 20 340 +059  .022
201s  ,038 20 860 .036 .022
- 202s .08l 20 87  .382 022
20l 019 0 .022
81 T (.74)@ .70 0Ll
2038 .22 20 90 .20  ,022
205 .52 8 _e50  ,022
82 b (6.5)4 5.6 .90
202 3x10° yr.
20ls .13 " 15 55 ol3 0
2058 5x107 yr. 11 (,50) ©
206s 1,2 6 2.8‘ «95 «30
207s 1.3 L 5.5 .93 .
208 3.7 3 1 3.59 .19
83 BL  (0.92)¢ Sl .38
' 208 3x10h Yre 0 0
2095 0.92 1 1.8 .54 .38
210 2.6x10° yr. '

.62

.036
.0L8
.081
.058
«37

.022

o7h
e 22
.52
6.5
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II. A SEARCH FOR EXCITED STATES OF N4 PERTAINING TO THE
SYNTHESIS OF C13 IN THE CNO-CYCLE IN STARS

A, General Nuclear and Astrophysical Considerations

1, Summary.of 012/013 Abundance Evidence
and the CNO-cycle

- The discovery in a wide variety of stellar atmospheres
of a detectable 012/013 abundanée ratio using the techniques
of molecular band spectra (33) has provided valuable infor-
mation for application to stellar mechanisms., The produc-
tion of C13 results from the reaction 12 (p, y ) when car=-

bon 1s present iﬁ stellar interiors at temperatures of about
| 107‘deg. K and higher. TUnder slowly changing conditions the
sequence of reactlons caelled the CNQO-cycle will occur.
Burbidge et al. (1) have studied this cycle in detail, It
involves the stable nuclel 012, Cl3, Nlu, le, 616, and o7
and may be initlated by the presence of any one of these
nuclei. The presence of cl2 and - 016 may occur in stellar ine
teriors in first generation stars through the operation of
helium burning in a hot helium core. In second or later gene-
ration stars this process may be augmgnted by the presence of
the CNO-nuclel in the originsal material from mixing at the
birth of the star.,

Whatever the source of the catalyzling nuclei, if the

hydrogen burning occurs for a time that is long compared with
~ the time for one cycie,'the net effect will be the production
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of Helt from protons with the added result that the CNO-nucleil
will be processed to an eqﬁilibfium abundance ratio. The equi-
1librium ebundance of each CNO-nucleus is inversely propor-
tional #o the appropriate cross section times the relative
velocity of the'reacting‘particleslforrthe reaction which
destroys that nueleus, If the destructive reaction is non-
reéonant, as the CNO-cycle reactions are bellieved to be, there

follows from Burbidge et al. (1), using their standard notation
-1 1l L 2,-T
(0) " oquir.o< FoSo (AZ,)7% r<e .

Hebbard and Vogl (3l}) have recently remeasured the cross

. sections for cl2 (ps v ) and cl3 (p, y ) and give respectively
So (¢12) = 1,33 kev barns and So (¢13) = 6,0 kev barns for
T6 = 15, Using these data and the assumption that the most
likely site for the CNO-cycle is the hot hydrogen shell sbout
the helium core where T¢ = 35, thefe follows .

c12/¢13 = .2 .

By extending this calculation to all the CNO-nucleil except
ol7," Fowler et al. (31) 1ist for equilibrium

c12 ; ¢13 ; Nk : W15 : 016 = Lo24 : .006 :-.95 : 4x1075 : .02 .

Thus when equilibrium is reached, the CNO-cycle essentially

i

*The equilibrium amount of ol7 is very small aﬂd depends
on the cross section for the reaction 017 (p, a ) N1i,
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converts C12 and 016 into N4 (95%) and leaves 3% among the
carbbﬁkisotopes in the ratio ¢12/¢13 = |,

For evidence on carbon stars, I quote McKellar (33):

, Summarized, the present state of knowledge

on the carbon isotopes in the atmospheres of the

cool carbon stars is as follows: (1)_there is a

group of R-type stars for which the €12/¢13 gbun-

dance ratio is about 100 or more; (2) for the re-

mainder of the R-type stars for which measurements

can be made with some confidence, those on the_ 1,0

band of Co appear to yleld a falrly constant ¢12/Cl3

ratio of about 5; (3) for the N-type stars, results

by various investligators from a wider variety of

bands give Cl2/C1l3 ratios in the range from about

20 to 2.
It is clear that the observed C12/Cl3 ratio 1s in many cases
consistent with that expected in CNO equilibrium. In many
other cases the amount of €13 is much lesa. In these latter
cases one may suppose that the original‘material contains
en excess of unburned C+2 or that some mechanism exists for
transporting cl2 to the stellar atmosphere without the occur-
rence of extensive hydrogen burning. In such cases the amount
of nitrogen relative to carbon should also be much less than
thset expected from the equilibrium ratios. The amount of
nitrogen sppears to be less than the equilibrium smount even
in some cases for which 012/013 1s near equilibrium, Such
a situation 1s possible in the early stages of cl2 burning.
Accurate information of éhis last type may prove important
in the stringent limitations it would impose on the amount of
hydrogen burning encountered as cl2 1s brought up to the

stellar atmosphere,. for ¢l3 approaches. equilibrium with cl2
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more rapldly than does Nlu. This possibllity would also
require that the amoﬁnt'of 016 relative to C12 in the cata-
lytic material be smail, as 016 cycles through NlLL before
reachiné cl2,  The single most Important fact, however, is

- that there do exist many stars in ﬁhich the amount of cl3 ,
is as large as that given by the CNQ-cycle eduilibrium abun-
dances, ,

Two major additional C12/¢l3 ratios of special interest
are worth mentioning 1n this summary. It has long been known
that terrestrially 012/013 = 90. Since the earth 1s pre-
sumed to have céndensed from primitive solar material, it was
believed until recently that the €12/¢13 ratio in the sun
mast have 90 as an upper bound, for subsequent hydrogen
burning in the sun would increase the relative amount of cl3,
However, Righini (3S)vhas concluded that solar 012/013 = 10”
within an order of magnitude. These and other closely re-
lated. facts have led Fowler et al. (31) to conclude that the
terrestrial C13 was formed almost exclusively by spsallation
_reaétions in an early planetesimal stage of the evolutign of
the solar system; Those authors carry the solar implications
rueh further, Using the solar sbundance ratios of Goldberg
et al. (29), who give cl2 o wik ; o6 = 5.5 : 1 : 9,6, they
are able to conclude that in primitive solar material the
ratio 016/012 was 1.75 and of that amount only 1/15 has since
been through the CNO-cycle. This argument implies that in
the sun 012/C13 = 103. Further measurements in thils regard
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will be of considerable interest,
2.'Possib111ty of Stellar'Resbnances in ¢i3 (p,y )

It 1s clear that inferences upon stellar structure
drawn from €12/¢13 ratios depend cfitically upon the extra-
polated cross-section factors for the reactions cl2 (pyy )
end ¢13 (p, y). For both reéctions the extrapolation 1s made
by adjusting the tall of a resonance to fit the observed
cross-section factors to as low aﬁ energy as observation per-
mits (34). This procedure will give good results if no reso-
nancés«exist‘in the very low energy regions corresponding to
stellar ﬁemperatures.

In the case of Cl2 (p,y ) there seems little reason to
doubt the extfapolation, which 1s made from a strong reso-
nance at E, = 456 kxev., It is believed that all N¥13 1evels
in this énergy region are known,

The situation is not so happy for the cl3 (py ¥y ) reaction.
This reaction has a Q-<value of 7.549 Mev, and the evidence
for NL4 levels in the 7-8 Mev range of excitation is both
‘meager and confusing. The lack of information results from
the relativelinaccessibility of this excitatién energy to low
energy charged particle reactions, the Qrvalﬁes for the com-
monly investigated charged partlicle reactions leading to Nk
lying in general too low and the Q-values of reactions for

wﬁich N1k 15 the compound nucleus all lying too high,
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For a state in Nlu to contribute -an important resonance
far C13 £ p at stellar temperatures, the resonance energy
- would have to fall near'thé effective stellar energy for the
CNO-cycle, A tentative estimate indicates that the resonance
energy would have to fall within 16 to 60 kev in Cl13 £ p to
be very effective. Such a resonance energy would demand &
state in N4 15 the excitation range 7.558 tor7.605 Mev.
Resqnande energies exceeding this range would appear too far
" out on the tail of the Maxwell-Boltzmann energy distribution
for the protons (kT~ 2 kev), whereas the Coulémb barrier
would make the labqratory proton width too small for resonance
energles lower than thils range to be effective.

A resonance of apprbpriate energy, however, would com-
pletely invalidate the extrapolgtion of Hebbard (34). The
average <o v} for ¢13 (p, y ) could be increased by an order
of magnitude and more even for high L -wave resonances. ‘Such
an eventuallty would be vexlng indeed for the general theory
of stellar burnipg. If <o v> were only increassed by a fac-
“tor of ten, the equilibrium ratio for the CNO-cycle would be
012/013 = 0. Although this ratio would cause no problems
for terrésfrial and solar carbon, it would leave the value
c12/¢13 = 5 observed in the aforementioned stars as an un-
| explained mystery. A completely new mechanism for the stellar
production of c13 would have to be devised and would almost
certainly meet severe theoretical difficulties, Let it be
emphasized for clarity at this point that large 612/013 ratios
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are no great problem because the well-known mechanism of
helium burning exists for the production of C¢l2, But the
requirement of C12 as a perent for cl3 places us at the
-mercy of the (p,y ) cross-sectien ratio in determining a
theoretic lower bound on C}2/cl3, -

In consideration of possible resonances in cl3 (psy )»
it 1s appropriate to review existing evidence on Nlu energy
levels in the range of 7-8 Mev excitation. Flgure 21 shows
a schematic summary of the existing evidence. The inelastic
scattering of 22 Mev alpha particles was studied by Miller
gﬁ_gl. (36). They find excitation energles in Nl of 6.47,
7.02;.and 7.94 which rmust of necessity have large T = 0
 components, This result indicates that any other state in
the 7-8 Mev range will most likely be a T = 1 state.” Burge
and Prowse (37) have observed the inelaetic scattering of
protons and report levels below 7.7 Mev at 6.23, 6,46, 6,60
(doubtful), 7.02, 7.40, and 7.60. The last level is particu-
larly interesting because 1t lies in the appropriate cl3 £p
energy range, Proton groups to 7.40 and 7.60 levels appegred
only‘at one angle, however, whereas the other states appeared
at all fouf angles observed, The scattered protons were ob-
served with emulsion tracks, and only at the one forward angle

dld the protons wifh Q = =T.4 and ~7.6 have sufficient energy

#Miller et al. (36) do not observe the 6.23 level, however,
which is nonetheless believed to be T = O,
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to'bg detected with their experimental arrangement. They
ascribe these tracks to states at 7.40 and 7.60 because they
could think of no other source for them. It is unfortunate
- that they did not search for these two proton groups at
other angles for positive identifiéation. In 1light of the
fact that no known level exists at 7.60 Mev and that a Q of
-7.60 Mev was observed only at one angle, this evidence can
only'be regarded as doubtful. Benenson (38) has observed
neutrons from Cl3 (d,n) and reports levels at 6.23, 6.43,
7.00, 8.08, and one at 7.72 and a possible state at 7.50 Mev
excitation 1n.N1u. There 1is a temptation to identify the
possible states .at 7.50 and 7.72 with the ones reported at
7.uo.and‘7.60 by Bﬁrge and Prowse (37). Such an identifi-
catlon would seem rather arbltrary in the face of the rela-
tively small error quoted by both investigators and the close -
agreement on Q-values to other observed states. Very little
‘help is obtained from Bent et al. (39) who observed the garmma
rays from 13 (d,n)., They find an unassignabie gamma ray of
7.30 Mev. | | |

Hebbard and‘Vogl.(3u) accurately determined the positions
of thé 7.97 and 8,06 levels by observing the gamma ray yleld
aé a function of proton energy in c13 (py 7). With regard
to the uncertéiﬂties of other states of lower excitation,
they placed limits on the strength of radiative capture down
to a proton energy of 130 kev. By calculating proton widths

for various possible l-wave resonances and observing that
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Spins up to J = 3 exist below 7 Mev for possible cascades,
they conclude that any resonance for which J = § and for
which the reduced broton‘width i1s greater than 1% of the
lsingle-particle 1imit would probably have been observed. For
low £ -wave resonances, considerabiy smaller reduced proton
"widths would have been obsérved. This argument would make
the exlstence of any state in the excltation range 7.67-7.96
Mev unlikely.®

In summéry it may be stated that existing evidence on
states in Nlu in the excitation range 7-8.L Mev demonstrates
conclusively the existence of states at 7.03, 7.97, and 8.06
'Mev, The evidence for possible states at 7.3, 7.4, 7.5, 7.6,

and 7.7 Mev appears to be subject to valid doubt.
. : 3
B. Excited States of N1k from N15 (He3, a) l\]‘l,+
-1, Sultability of This Reaction

'The previously mentioned uncertainties regarding the
exclted states of N1 and the pbssible important consequences
on the rate of ¢13 (p, y) at stellar temperatures stress the
importance of studying this energy region with charged par-

ticles. For bombarding energies of 3 Mev or less, the only

’ *Vogl informs me by private communication that he has
continued the search to proton energies as low as 103 kev
without detecting signs of a resonance.



-115-

‘sultable charged particle reactlion avallable is Nis (He3, a)
with a vaaige of 9.743 Mev from mass differences (40). out-
going alpha particles leaving N4 with an excitation of about
'8 Mev will also have energles of the order of 3 Mev, These
energies are sultable for investigétion in the Kellogg Radiation
Laboratory.

Three posslible models or mechanisms for reactions such
aé N5 (He3, a) are in common usage: (a) compound nucleus
rofmétion, (b) neutron pick-up, and (c¢) heavy particle strip-
ping. In terms of compound nucleus formation, le £ Ho3 lies
at 14.16 Mev in 718, e density of both T = 0 and T = 1
levels at compound nucleus energles near this value 1s pro-
bably quite high, and the reaction may proceed through several
overlappihg levels of unknéwn spins and parities. Such a
situation would, in general, be favorable for emission of
alpha particiés to a wilde variety of quantum states for the
resiaual excited ML nucleus. The pick-up mechanism could be
effective to those N1l states thaf can be described 1n terms
of the direct removal of a neutron from the N5 ground state
configufation. That i1s, the configuration Shplo could be
populated in this‘manner. In a theoretical analysis of Nlh,
Warburton and Pinkston (41) conclude that the only likely
members of this configuration below 9 Mev are the N1l ground
state, the 2,31 Mev level, the 3,95 Mev level, and a level
with (37, ) = (2%, 0), which they tentatively identify as

the 7.03 Mev level on the basis of gamma ray evidence. (The
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'pafity of the 7.03 level is undetermined, but its spin is
belleved to be 2 and T = O is known from the inelastic alpha
scattering.) It may be possible, therefore, that the 7.03

“level be more strongly populated than other levels in this
vicinity through the plck-up mechanism. The possibility of
heavy particle stripping is even harder to evaluate, It will
in general be proportional to the probabillties that the le
grouhd state and final Nil exclited state can be described
respectively in terms of a bound (Bll, Heu) cluster and a
bound (Bll, He3) cluster. Owen and Madansky (L2) £ind, for
exsmple, that‘the alpha particle angulér distribution from
c13 (He3, a)) ¢12 can be accounted for by a rather complicated
interferehce betweén the pick-up and heavy particle stripping
smplitudes, No attempt will be made for the present reaction
to evaluate the possibilities of these mechanisms., Suffice
it to say'that'the chance of population of the excited levels

of N4 would appear to be good. ,

A generélly favorable situétion is preseﬂted by charged
particlelpenetrabilities. Althoﬁgh the Coulémb barrier for

N £/ He is fairly large (3.5 Mev), the penetrability is reason-
ably.insensitive to the angular momentum barrier., From the
tﬁbles of Schiffer (43) for an alpha particle energy of only
2.4 Mev, the penetrability ratios are found to be

Po: Pyt Pp: Py = 1.0 ¢ 0,74 ¢ 0,35 : 0,10

These ratios insure that the reaction may proceed without
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‘great dynamic hindrance to a good variety of spins and
- parities,

2. General Experiméntal Arrangemént

-

a. Equipment'

The experiment was conducted on the Kellogg Radiation
Laboratory 3 Mev electrostatic accelerator, The He3 beam
energy was determined by a 90° electrostatic analyzer, and
the reaction préducts were momentum analyzed by a l6-inch
radius double-focusing maghetic spectrometer,

Preparatory to the running of the experiment, I was
privileged to take part In design modifications of the associl-
ated apparatus which were‘suggested and supervised by Prof.

T, Lauritsen. An electrostatic deflection system was designed
to compensate fluctuations in the beam position and entrance
‘angle to the electrostatic analyzer, It was hoped that 'such
corrections would make frequent recalibration.of the electro-
statlc analyzer unnecessary. The deflectors consisted of two
sets of parallel plates acting in the same direction as the
energy-analyzing plates which could simultaneously adjust the
position and entrance angle for greater orbit reproducibility
and one set of plates in the orthogonal directlion which would
produce the same results when used in conjunction with the

. mass-separating magnet. Variable five-kilovolt power supplies
and a remote-control panel were designed and bullt by John

Domingo in a manner designed to maintain orthogonality between
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' pds;tion and angular displacements of the beam. When instal-
led In the base of the accelerator column, the deflectors
performed their function adeguately but produced an unfor-
tunate electron loadihg which reduced the terminal voltage
by an undesirable amount. The defiectors were then removed,
redesigned, and rebuilt in a more compact geometry which would
locate the top of the deflector system well below the bottom
grouhded ring of the accelerator colurm, The rebullt deflec-
tors weré not installed because a satisfactory method of ad-
Justing the pbsition of the energy analyzer was devised by
Bardin et al. (hlj,L5). |

The position of the beam in the entrance tube is deter-
mined by'a pailr of'slits which could be rotated remotely at
a viewing station located by the deflector control panel,
For viewing the beam position from the images of the slits,
& periscope and lens system was designed to focus on a remotely
.insertable quartz located beneath the second of the two slits,
The operatioﬁ of this part of the system has'ﬂeen quite satis-
factory. 4

A major problem was encountered in counting the reaction
produéts after momentum analysis in the magnetic spectrometer.
Aé the reaétion products include all the isotopes of H and He,
pulse helght ansdlysis was required to separate the alpha
yield. The conventional apparatus used for partlcle detec-
tion at the spectrometer exit has been Csl crystals mounted

on a photormltiplier tube, The problem arose from the fact
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that alpha particles of twice the energy of deuterons make

an only élightlj larger pulse height in CsI. For the ener-

" getics used in the present experiment, elastically scattered
deuterons were present in great abundance from the (HD) com-
ponent of the singly-charged mass-fhree beam. Profile yields
from thick target scattering indicated that. (HD) / He3 = 10~3
in the incident beam. This large amount of deuterium 1s prob-
able evidence of a leak in the four-way valve system allowing
small amounté of deuterium to leak into the ionization b9ttle.
The elastic sdéttering yields of D were found to be at least
an order of magnitude greater than tﬁe alpha yields from the
readtions.‘ The ﬁet effect for Csl detection was that the
alpha-particle pulse height spectrum appearéd as a small bump
on the high-energy slde of the deuterium pulse-height spectrum,
This situation ruined the statistics of the alpha counting,

To cbrrect this problem a new detection system was designed
for the spectrometer exit. A solid-state counter with a
counting area of 1/2 cm? was mounted in a cylindrical housing
that is rapidly interchangeable with the CsI and photormlti-
plier tube, The counter is a p-n junction with a counting
layer debth equal to the range of 4 Mev protons. The counter
pulse-height resolution was found to be better than 1% for

l4 Mev alphe partiéles. The pulses from the counter went
through conventional amplification and were stored and analy-
zed in a 100~channel pulsé-height analyzer, Since the response

of the counter is accnrately linear in energy, protons and
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alphas make a pulse height twice as large as do deuterons
after momentum selection. A IO'u em nickél foll was placed
in front of the counter surface to lower the alpha energy

"to a point intermediate to that of the deuterons ;nd protons.
Figure 22 démonstrates a typical pﬁlae-height'spectrum thus
obtained.‘

b . T&I‘gets

The nitrogen targets used in this experiment were pre-
pared by Hebbard (46)., Titanium was efaporated onto a nickel
bécking, and the resultant layer was nitrided by induction
heating to a red-heat for a short time in an atmosphere of
dry ammonia. The resulting TiN compound has been found to
be stable under bombardment, The ammonia for the N5 target
. was prepéred from armmonium nitrate, supplied by the Eastman
Kodak Company, with the ammonium radical enriched in N5 to
67%. The N1k target was pfepared by the same procedure using
natural ammonla, | ,

The thickness of the TiN layer to 429 kev protons was
originally_measured by Hebbard by observing the yleld of the
L.43 Mev garma rays from le (p,ay) ¢12 near the 429 kev reso-
nance for that reaption as a function of proton energy. The
result was a 7 kev thickness for 429 kev protons, 1In fhe
present experimént the thickness'of each target spot used was
calculated from the integrated alpha yield of N5 (pya ) cl2,

which measures the total number of‘le atoms in the target.
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' The known chemical composition of the target and the titanium
ana'nitrogen]stopping cross sectlons were theﬁ employed to
calculate the thickness of the target, which agreed with
"Hebbardt's value., The amount of N5 present was found to be
1.9 x 1017 ‘atom cm™2 with variatiohs of as much as 254 for
various target spots. The amount of N;h in the Nlu target
surface layer was found to be 2.0 x 1017 em=2 by egalin using
the_Nl5 (p,a) Clz'yield and the natural composition of nitro-
gen, A belatedly discovered major difference in the two tar-

gets will be mentioned later.
¢. Calibrations and Errors

I had the advantage of performing this'experiment at the
conclusioh of accurate Q-value measurements by Bardin et al.
(444, L45), who devised a method for electrostatic analyzer
alignment cabéble of reproducing the 117 (p,n) threshold to
better than one part in eight thousand. The analyzer has also
" been found to be linear over its range to better than 0.1%.
At the beginning of each run the position of the 1210 kev reso-
nence in N15 (pttl) €12 was found to sgree with Bardin's cali-
bration to better than 0,1%. For these reasons the incident
He3 energy was computed to be 2,763 Mev from the calibrations
of Bardin et al. with a probable error of 0,1% or 3 kev.

The magnetic'spectromefer is not éo accurately reproduce- .
‘able because of a combination of hysteresis effects and jar-

ring of the cone-bearing fluxmeter mounts as described by
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Bardin (4S). For this reason the spectrometer was calibrated
against the incident particle energy at the beginning of each
run. This calibration was made in several ways which all
agreed for a given run: (a) the elastic scattering of He
from a nickel blank, (b) the energy of the alphas from

N15 (p,a')'C12 at the 1210 kev resonance, and (c¢) the energy
of the protons to the 3.945 level in MU rpom c12 (He3, p) Nlu.
This last reaction wés found to be the most satisfactory for
the foilowing reasons: (a) €12 was always present as a thin
layer onlthe front surface of the target and as such needed

‘no surface layer correction; (b) the protons possessed energies
at both 90° and 150° that placed them in the middle of the
Spectr§ﬁeter energy range under Investigation; and (c) the
Q-value of 834 T, kev measured in the course of the experi-
mént~for this reaction agrees exactly with the latest tabu-
lation of Ajzenberg-Selove and Lauritsen (47), the probable
error not cbntributing appreclably to the final probable error
of the experiment. Thils Q-value was calculated using the
calibfétion of the spectrometer based on a clean elastic
scattering profile from a nickel blank.

It is appropriate'at this point to stress the advantages
of calibrating E, against Ej as done in thls experiment. The
present case will serve as a fine example, Suppose that a
known Q-value such as cl2 (He3, p) 1s used to calibrate the
speétrometer against an incident'enargy Eh. 1If the 1nc{dent
energy were actually in error by an émount A E;, then E, would
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OE

_._2)‘AE1 o If the Q-value
' | dE, /c

of* a second reactlon is now measured at the same E; and very

be in error by an amount AE2 = (
' near the same E,, that Q-value will be in error by an amount

sas (32)om o (2205, =[38) ) (222]] o -

Consider a numerical example at 90°, For ¢12 (He3, p) the .
quantity (bEz/bEl)c = 0.73. For the reactlon being studied,
. ¥15 (He3, @ ), the quantities dQ/dE; and dQ/dE, are respec-

tively ~0.78 and 1.28. By inserting these values, one finds
Bq= [-.78+ 1.28 (.73)]AE, = .15AE, .

The above equation means that an estimated error ofv3 kev
in El is almost completely compensated by the calibration
procedure. An exactly analogous argument applles to small
uncertainties in the spectrometer angle and will not be -
explicitly presented here., If these were the only sources
of error, the uncertainty in the measured Q-value would
roughly equal the uncertainty of the Q-value against which
the calibration was made.

The major uncertainty in the Q-values of this experiment
comes from & different source., For the (He3, a ) reactions on
- nitrogen, the incident particle energy must be reduced by the
energy thickness of the surface carbon layer plus one-half
the energy thickness of the TiN layer for the incident particle

M of energy E;, and the observed Ep must be increased by the
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analogous quahtity for particle M, and energy Ep. The lion's
sharé'of this uncertainty comes from the surface carbon layer.
Using the integrated yield of G2 (He3, p) and the 90° differ-
ential cross éection of 0.8 mb/ster. given by Bromley et al. (48)
the asmount of carbon on the surfacé was fbund to be cormmonly

as high as 8 x 1017 atom em™2, Thié value changed from spot

“to spot and also changed continuously with runniné time. This
amount of cﬁrbon'corresponds to a 16 kev thiclkness for 2.8 Mev

++ ,
3 ions, By monitoring this yield, the author feels that

He
‘he has known the thickness of the carbon surface layer to an
accuracy of *3 kev at ell times, The amount of carbon on the
Nlu target was found to be about four-tenths as much as that
on the le target. This fact 1s no doubt a result of the much
gfeater accurmlated bombardment time to which the le target
has been exposed in its history. This uncertalinty in carbon
thickness causes an uncertainty in Q of

AQ =(§-§I)AE1 + (.:.g.';)AEZ'- te kev .
By making a Gaussian fold of this uncertainty with the ad-
ditional ones of calibration and target half-thickneSs, the
author assigns a probsble error of *8 kev to the (He3, a)

Q-value measurements.
3. Results

The yleld of alpha particles as a function of their

energy wes measured at the laboratory angles of 150° and 90°
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~for an incident’He3 energy of 2,76 Mev., The energy range of
thé'alphas measured in this experiment was selected at both
angles tolcover the range of 7 to 8 Mev excitation for the
‘residual NML nucleus in the reaction N15 (He3, a ) Nlu. Since
the N15 target contained 33% Nl afoms, the yields were re-
peated with the natural nitrogen target to obtain clear evi-
dence for that portion of the yield coming from N1l (He3,a )‘N13.
Measurements were taken at the two indicated angles to allow
fof more posltive identification of the reactions involved

and also to allow for the possibility that a given alpha group
could have a very small yleld at one of the two angles. Mea-
surements were not taken at forward angles for several reasons:
(a) for the higher energies at forward anglgs the resolution
of the reéction groups decfeases due to the decreased disper-
sion of particle energies versus spectrometer setting, l.e.,
bEa/th increﬁses; (b) important parts of the reaction spectrum
would be obscured by the presence of the very strong reaction
cl2 (He3,<!) Cll; and (c) energy ioss corrections in the target
and surface layers would become’more uncertain due to the
necessafily large angle hetween the reaction products-and the
normal to the target.

The momentum resolution of the magnetic spectrometer

used in the experiment was p/§p = 231, whieh corresponded to

a 1/L inch exit siif on the Spectrometér. Greater resolutions
~could be 6btained only with a corresponding loss in trans-

mission which would have been undesirable in the face of the
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low yields., The corresponding energy resolution E2/8E2 = 115
was, at any rate, smaller than the total thickness of the
target layer and hence did not contribute to the total width
of observed groﬁps.

The resulting yields are plotfed in figures 23-26., All
the alpha ylelds are normalized to a 500 pc bombardment of
the target with He3+'1ons, although in many cases as much as
2000 pc of bombardment were employed to obtain satisfactory
statistics., The ylelds are plotted agalinst the voltage in

.millivolts developed across a precision resistor by the
current passing through the fluxmeter coll. This voltage, Vp,
. 1s inversely proportional to the particle momentum. The yields
sare shown with statistics bars which repreeenttfﬁ statistics
on the total yleld at each spectrometer setting.

The yield curves are marked with arrows showing the
expected ﬁosition of alpha groups fo the excited state of the
final nucleus indicated. Thus an arrow wifh the notation
. Nlh (7.97) indicates the expected energy of alpha particles
from the reaction N5 (He3, a) Nlh* leaving Nl with 7.97 Mev
excitation, _Arrows are also placed to indicate where alpha
groups éérrespondihg to NiL excitations of 7.40 and 7.60 Mev
would appear. The numbers on the arrows in&icating the states
Nlu‘(7.03), N3 (7.17), and N13 (7.39) are the actual Q-values
calculated from these data. Thé error is *.008,.

An anomaly with regard to the natural nitrogen target

is immediately evident., A broad peak appears after the low
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energy end of tﬁe'N13 (7.39) alpha group. That this peak

does not occur with the 67% le,target'immediately rules out
Nlu as 1ts sdurce; After many unsuccessful attempts to find
a suiteble contaminant in the.Nlu‘target to account for this
peak, I returned to an examinationfof the nitrogen distri-
bution 1n,thé‘two fargeté. The density of nitrogen as a
.function of target depth was measured by observing the low
energy end of the alpha spectrum from N5 (p,a ) ¢12 with the
'}proton energy set on the bfoad resonarice at 1030 kev. The
results as shown in figure 27 indicate clearly that the nitro-
gen density in the Nlh target 1s not a singly-peaked function
of target debth. The repeated hea?ings in the nitridling pro-
cess appafently allowed a layer of TIN to diffuse into the
nickel backing in such a way that the nitrogen density did not
- drop off monotonicly with target depth. The comparative
yields of figure 27 are normallzed in such a ﬁay that the inte~
grated area under the two curves would be equal for equal mum-
bers of.nitrogen aﬁoms ih the two targets. .It can be seen
that theré is actually more nitfogen in the N1L targét than
in the 67% N15 target, although the main peak of the N4 gan-
get contains'oniy two-thirds as much as does the NI5 target.
Numerically, the N5 target composition 1s 1.9 x 1017 N5
o £ .95 x 1017 §lk cm72, and the N4 main pesk contains

2,0 x 1017 ¥4 cm=2, The evaluation of alpha energy of .
figure 27 in terms of target stopping power’'allows an unfolding
of the N1k target yields into that from the main peak alone,
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'Thg results of this unfolding are shown in figures 28 and 29.
The'errors in this procedure are rather 1arge; as indicated,
but there i1s little doubt that the origin of this shadow peak
is well accounted for by this procedure, It should be noted
that the shadow of the N3 (7.17) alpha group falls under the
main peak of the ¥3 (7.39) alpha group. This unfortunate
distortion of the 7.39 group is much more in evidence at 150°
than at 90° where the cross section to the N13 (7.39) state
is much larger. It should also be noted that the yleld from
the le target to the Nlh (7.03) state is superimposed upon
the yield to the N3 (7.17) state from the 33% Nl4 in the N15
target, ' .

There is a rather sizable continuum of alpha particle
energies upon which the dlscreet groups are superimposed.
This fact may be largely due to the reaction Nlu (He3, p) O16
with a Qm = 15.2 Mev which can populate a large number of
alpha unstable states in 016. The fact that the continuum
from the NLL target 1s about twlce as large as that from
the le target would seem to suﬁstantiate this supposition.
Alpha uﬁstable states in 017 are also populated by the reaction
N5 (He3, p) o7, but these states probably decay primarily
by'neutroh rather than alpha emission,

Q-values were not computed for the alpha particles popu-
lating the N1l (7;97) and Niu (8.08) sfates because of poor
counting étatistics due to their partial overlap. The crucial

point with regard to this experiment 1s that they are in fact
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Al

populated as suspected., Some amplification of the 90° yields
from the N;S target in this regard will be illuminating. Con-
sider first the yield from the reaction 012‘(He3,¢ y cll
shown at V_ = ,375 in figure 23. The observed width at half
maxiﬁum of this yield 1is determined by the largest of the
followling emergent energy spreads:* (a) the energy resolution
- window of the spectrometer, (b) the total energy thickness of
the target layer, and (c) the energy spread due to the finite
acceptance angle of the spectromefer. Of these the last 1is
considerably the greatest for this reaction as bEZ/bG is very
largé for (He3, a ) reactions observed at 90° on light nuclel.

The expected spread in fluxmeter voltages will be given by

= (OVm OFE>
AV, -(.b_ﬁg._s_g_) ABg .. = +0055 mv,

which can be seen to agree exactly with the observed width,
Since thé'total width of thé 7.97 Mev level 1s less than

400 ev (34), the same argument may be applied to the yields

to that state, giving AV, = .00L4L for the expected half-wldth.
Since thé observed yleld reaches half-maximum near Vi = 3606,
it should have fallen again to one-half near Vy = .3650. The
additional fact that the alphas from C}2 (He3, @) ¢ll nave
fallen to near zero for V,; = .370 implies that the flat plateau
in the yield from .36LLSVm-‘- «370 is caused from an alpha group

near.vm = ,368, The final state being populated 1s surely

¥The total laboratory width of the {inal state is not
considered because the ground state of Cltis narrow,
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N;u (8.06), and the yield is roughly equal to that to the
Nlhl(7.97) level. ' At 150° these twovgroups are clearly
resolved. | |

The 150° yield to the 8.06 state of Nlu shows a rather
marked peculiarity, namely 1its greét width., The admittedly
poor stafistics nonetheless indicate a width for the 8.06 .
state of ['= 70 %1% kev which is at least twice as great as
the laborétory proton width measured by Hebbard and Vogl (3&).
No explanation of this anomaly can be presented at this time,
Repeated sur&éys of this regibn gave no variations from this
behavior. The only other state with an observed width greater
than the resolution width is the state at 7.39 Mev in N13
which shows I'= 50 10 kev.

Thé differqntial cross section for the reaction to the
observed sfates can be estimated'from ﬁhe thin-target expres-
sion for integrated ylelds found in Brown et al. (49):

do - 1 _13_/,Y(I)d,1
a2, Ty, (1) I
ﬁhere R and §)are the momentum resolution and solid angle of
the spectrometer., Considerable uncertalnty must be assigned
"to the cross-sectlon estimaﬁes. This uncertainty results
from target thickness variations and the difflculty in measuring
the integrated yleld in the face of the several subtractions

performed. Table VI shows the results of these estimates,
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TABLE VI
do

© Final By in Final = = () wo/acer.
Nucleus | Nucleus (Mev) 90° 150°
yil 8.06 | 145 % 20 5L %20
i | 7.97 | Ls & 20 21 %10
N1k - “ 7.034 *,008 135 £ 44O 77 £ 28
N3 | ~ 7.388 %.008 320 £60 70 225

- N3 7.166 *.008 115 %30 110 %30

The bottom three excltation values are the averages of the
measurehents taken in the course of this exPeriment. What
1s actually measured is, of course, a Q-value; therefore, it
should be noted for clarity that these excltations are based
on the following mass Q-values: (a) Q, = 9.743 for the reactioﬁ
Y5 (He3, a) WY, (b) Q, = 10,02 for the reaction N4 (He3,a )
3. The mass Q-values are determined from the 1960 mass
tables (LO). | |

Finally 1t ﬁay be mentioned for completeness that alpha
groups from le (He3, a) Nlu were glso observed in a quick
preliminéry survey to states in Nlu with excitations of 6,23,
5.83, 5.69, and 5,10 Mev, These were the only alpha groups
- gspecifically looked for, but it seems likely that groups to
the other well-kmnown states would also bé observable, Deuterons
to the first four excited states of 016 from the reaétion
N15 (He3, d)_O16 were also evident,
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TR Combarison of N3 ana ¢13 Energy Level Diagrams

Data on the Nlu‘(He3,<z) N13 reaction were taken with
the natural nitrogen target primarily to determine which' of
the reaction groups seen from the 67% le target should be
ascribed to the Nilt target nucleus. Some clarification of
‘uncertain N13 enérgy levels has resulted. A schematic com-
parison of ¥13 with its mirror nucleus, 013, is given in
figure 30, The date for thils fligure were taken from the
enérgy level tabulations of Ajzenberg-Selove and Lauritsen (50).
" The firét‘three excited states of N13 certainly correspond to
the first three in C13, It seems. likely that the state at
6.38 Mev in N3 has as its mirror the 6.87 Mev level in 13,
Both states have J7T= 5/2: and they are the first states to
appear-above 5 Mev éxcitation in resonances of C1?2 plus a
nucleon, possessing roughly equal reduced nucleon widths,
The large reduced nucleon widths for the broad 3/2+ levels at
8.08% and 8.33 Mev in N3 and 013'respective1y make a tenta-
tive matching of these states plausible, Charged particle
reaction groups have Indicated the existence in ¢13 of three
levels in the region fetween 6.86 and 8.33 (at 7.47, 7.53, and
7.6&).4 The corresponding region in ¥13 nas been inconvenient
to the common charged psrticle reactlions, resonances in cl2 £p

raccounting for almost the entirety of the known data, Resonances

*Note that the N13 (8.08) level was not discernible in
the present experiment. :
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at N13 excitations of 6.91 and 7.39 Mev have been long known,
but a probable resonance at 7.19 Mev excltation has been only
recently reported (51). 1In light of the fact that this last
weak resonance has been ﬁissed by several observers, the con-
firmation of a state at 7.17 Mev ekcitation in the present
experimentvié important. The number of known excited states
in this energy.region of N3 and ¢13 is now equal, although

further pairing of mirror states will not be attempted here.
5. Discussion

It was anticipated that the reaction N5 (He3, a ) N1k
would be capable of populating most if not all of the levels
in Nib below about 9 Mev excitation. This hope was confirmed

-by the fact that seven well-substantiated states looked for
between 5 and 8.1 Mev were all clearly visible, In particular,
the excitation range 7-8.1 Mev in N4 yas closely examined
in an’ effort to discover the excltation of possible states
lying beﬁween the known levels at’7.03 and 7,97 Mev, No evi-
dence for such a state was found. This negative result inten-
sifies the doubt éxpressed earlier with regard to the incon-
clusive evidence of other investigators. It is always difficult
to make positivelstatements from & negative experiment., An
upper limit of 5 ub/steradian for the differential cross sec-
tion of the reaction N;Su(He3, a) Nlu to any unobserved level
in this range may be quoted. This upper limit is about 10%
of the observed group yields. One possible yleld of such a
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magnlitude may be pointed out at V; = L1k in figure 2,
This'one has been ignored due to a lack of corroborating
evidence at 90°, It should be pointed out that the reso-
lution employed in this experiment demands that any real par-
ticle group show a relative yield increase for at least three
congecutive spectrometer settings. The experiment could have
been 1mpfoved somewhat by longer bombardments to improve the
statistics, It would have been difficult to push the limit
of obsérvability below S ub/steradien, however, since the
corresponding yleld is only about 20% of the continuum back-
‘groﬁnd of alphas,

It shoﬁld be mentioned that time limitations prohibited
an auxiliary investigation of the possibility of strong reso-
nant enhancement of the observed ylelds through possible states
in thé compound F18 nucleus, Observing the ylelds of known
pérticle gfoups as a function of bombarding energy could have
provided this information. If the particle yields were found
to be strongly dependent on the incident energy, the possi-
bility of haviné overlooked states by using only one bombarding
energy* would be greater,

The question of whether this reaction proceeds strongly
through compound nucleus formation is not a matter of idle
curiosity. By so doing, it could populate two-particle excl-
tatioﬁ states in Nlu. The single-particle excitation operators

. *Phe thickness of the TiN target layer gives the ineci-
dent He3 beam an energy spread of about 20 kev, '
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believed to be dominant for inelastic scattering processes
and the possible dominance of the stripping mechanism for
(d,n) feactions would lead one to expect that the three re-
actions'Nlu'( a,d') Nlh*, Nlu (p, p’) Nlu*, end cl13 (d,n) Nlu*
- will populate preferentially singlé-particle excited states
of Nlu. The M4 states at 7.03, 7.97, and 8.06 are all
largelylsingle-particle excited states, belonging to the con-
figurations shplo, shpgd, and sl‘p9 (28) respectively. That
these states are the ones well agreed upon by these reactions
is therefore not surprising. The state at 6.ll; Mev exci-
tation 1s fery Strongly populated in both Iinelastic scatterings
and is probably. also a member of sup9d (contingent upon
J7 = 3'). On the other hand, the fact that the 6,23 Mev level
is populated only weakly by (p, p’) and not at all by (a ,a/)
sgrees with the configﬁration supsd (2s) given to it by
Warburton and Pinkston (L41) on the basis of gamma ray tran-
sition strengths,

These considerations place fﬁrther doubt on the Nlu level
‘at 7.60 Mev reported by Burge and Prowse (37). The intensity
of - this inelgstic proton group ls at least twice as strong as
is that from'the‘7.03 Mev state, implying that the 7.60 Mev
state should also be a single~-particle excitation, That such
a state does not appear at all in Inelastic alpha scattering
could only be easily explained by a T = 1 assignment, But

the lack of any state in cllh below 6 Mev excitation 1is strong
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evidence for the lack of T = 1 states in Nlu below 8 Mev™
(with the exception of the 2,31 Mev state in N which 1s the
Clu‘ground state). , |

It seems more likely that the lack of any otﬁer viaible
states in thg 7-8 Mev range for I\I:”'L from inelastic alpha
scattering indicates the lack of any other single-particle
excited states in this range. Warburton and Pinkston (41)
point out the possibllity of positive parity states in this
excitation range belonging to sups (d,s8). Such a state, al-
though it would certalnly possess a proton wldth much smaller
than the single-particle 1limit, could still provide an ef-

feétive resonance in C13 (p, ¥) N4 at stellar energies.

| The reaction N5 (He3, a ) Nlu% ¢an populate fwo-particle
excited states if 1t proceeds by compound nucleus formation.,
It has already been pointed out that the 7,03 Mev level is
the only one that can be populated by neutron pick-up. The
yields to the other excited states in N]')'L ffom thls reaction
would therefore be substential evidence of the operation of
the compound nucleus mechanism, The negative result from this
reacﬁioq for states In the 7.03 to 7.97 Mev range of exci-
tation has, therefore, a stronger meaning than the negative

/
(a,a) results,

*The 6,09 Mev state in ClL 1s believed to be the analog
of the 8,06 Mev level in Nll,
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It may be stated in conclusion that a possible reso-
nance in.Cl3'(p,'7) Nlu,at stellar energies is quite unlikely.
This result means that the current calculatlions on the 012/013

sbundence ratio produced in the CNO-cycle are correct.
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Flgure 21: Evldence for possible resonances in
013 £ p at stellar energles 1s shown with the energy
level dlagram of Nlu. Fuclear reactions providing
evidence for states in Nlu in the 6-8 Mev range of
excitation are 1lndicated. The perfinent reactions are
Nm(a"a'mm"*’ Nm(p,p')Nm*, c13(d,n)N1b'*, 013(p,7)N1L*,
‘and the preésent experimént, NlS(He3,a)N1u*. The
effective stellar energy range for cl3 £ p is shown
by a horizoﬁtal band.
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Figure 22: A typical pulse-height spectrum
of the reaction products from the bombardment of
the TiN target with 500 pcoul. of He3 ilons, After
momentﬁm analysils the particles pass through a
10_4 cm, Nickel foll before detecfion in the
solid-state particle counter, The proton enérgy
is 3.3vMev. The signal from the counter was stored
in a 100-channel pulse-height analyzer after

ponventional amplification,
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Flgure 23: The yleld of alpha particles from
the He3 bombardment of TIN enriched to 67% in Ni5
at a laboratory angle of 90° versus the magnetic
spectrometer setting, The yields are normalized to
a 500 uc bombardment of He3" fons and are displayed
with bars corresponding to tvn cbunting statisties,
Alpha particle energies corresponding to specific
exci’cat‘ions of the residual nucleus are indicated

by arrcws.
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Figure 2li: The yield of alpha particles from
the He3 bombardment of TiN enriched to 67% in N&>

at a laboratory angle of 150°,
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Figure 25: The yleld of alpha particles from
& 500 yc bomberdment of the natural TiN target at

a_laborafory anzgle of 90°,
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Figure 27: The yield of alpha particles at 150°
from the reaction le(p,a)cle as a function of mag-
netic spectrometer setting, The incident proton energy
is held on the broad resonance at 1030 kev, whereas
the alpha energy decreases toward the right, The
triangles represent yields from the 67% WL5-enriched
TiN target, whereas the bars represent yields from the
natural TIN target with }vn statistics.The two curves
are normalized in such a way that the integrated area
under them would have been equal for equal numbers of
nitrogen atoms in the two targets, The second peak in
vield from the natural target arises from a concen-
tration of nitrogen atoms at a target depth calculable
from the energy shift of the alpha particles,
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Figure 28: The corrected yleld of alpha particles

at 150° from the He> bombardment of the natural nitro-
gen target, The correctlon was made by subtracting

the contributions of the second broad peak in nitrogen
density(revealed in fig. 27) from the total yield of
fig. 26. The <i.fects of this subtraction on the yields
of fig. 26 are largely the following: a) the disappear-
ance of the extraneous peak at V; = .39, which was the
shadow of the N13(7.39) group ; b) aAreduction in the
yield attributable to the N13(7.39) group resulting from
the subtraction of the shadow of the NY3(7.17) group;

¢) the disappearsance of the pecullar broadening of the
N13(7.39) group; d) an apparent small shlft of the energy
of the N13(7.39) group. This last effect 1s somewhat
doubtful due to the poor statistics of the subtraction.
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Figure 29: The corrected yield of alpha particles
at 90° from the He> bombardment of the natural nitro-
gen target, The main effect on the yields of fig, 25

is the disappearance of the extraneous peak at V, =,339,
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Figure 30: The isobar diagram for mass thirteen,
Probable analog‘states in 013 and N13 are joined by
dashied lines, The confirmation in this experiment of
a state in N13 at 7.167 Mev excitatlion makes equal
the number of known states below 8 Mev excitation in

these 1sobars.
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