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ABSTRACT 
The relative concentrations of nuclei achieved in hydrogen burning on carbon, nitrogen, and 

oxygen at high temperatures are calculated as a function of time. Calculations have been performed 
for static burning conditions, for temperatures in the range 0.1 < r9 < 1 and densities 1 < /> < 
103 gem-3. The Ne-Na cycle also operates under these high-temperature conditions. A network 
comprising 28 nuclei from 12C to 25Mg, related by 60 (p, y), (p, a), (a, y), (a, «), and positron decay 
reactions, has been used in this study. At higher temperatures the (/?, y) and (p, a) thermonuclear 
reaction rates are typically much faster than the positron decay rates, quite in contrast to the 
situation existing under the usual CNO bi-cycle burning conditions in stellar cores. This dis- 
tinguishing feature leads to nucleosynthesis which differs significantly from that calculated at 
lower temperatures. Specifically, large enhancements of nuclei of masses A = 15, 17, 18, 19, 21, 
and 22 are found to occur at various stages of the burning at constant temperature (the stable 
nuclei on these isobars being 15N, 170,180,19F, 21Ne, and 22Ne). Under some conditions, 13C/12C 
ratios exceeding unity are achieved, in contrast to the ratio 13C/12C = 0.29 characteristic of 
equilibrium in the CNO bi-cycle at lower temperatures, T ^ 70 million degrees. The physical 
conditions determined to be most promising for nucleosynthesis provide insight as to possible 
sites for the formation of many of these lighter isotopes in astrophysical environments. 
Subject headings: interiors, stellar — massive stars — nuclear reactions — abundances 

I. INTRODUCTION 

Since the discovery by Bethe (1939) and von Weizsäcker (1938) of the role of the 
CNO cycle in hydrogen burning occurring in the cores of massive main-sequence 
stars, a great deal of effort has been devoted to studies of the nuclear properties and 
astrophysical implications of this set of reactions. In previous works, Caughlan and 
Fowler (1962, 1964); Caughlan, Fowler, and Talbot (1964); and Caughlan (1965) 
have studied these reactions in the range of temperatures 106 0 < T7 ^ 108 0 K reached 
in the interior of these stars and in the hydrogen-burning shells of red giant stars. At 
these temperatures, it is now established that 12C and 160 are mainly transformed into 
14N as a consequence of the relatively slow rate of 14N destruction. Stable but rarer 
isotopes like 13C, 15N, 170, and 180 are not formed in sufficient amounts to account 
for their observed solar-system concentrations relative to 14N. 

The burning of hydrogen on CNO nuclei has also been investigated at temperatures 
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above 108 ° K in several recent contributions by Caughlan and Fowler (1972, 1973); 
Starrfield et al. (1972); and Starrfield, Sparks, and Truran (1973). For temperatures 
higher than 108 ° K substantial deviations from the usual CNO-Ne cycle patterns can 
occur. Hoyle and Fowler (1960) have noted, for instance, the importance of the 
reaction 13N(/?, y)140 which competes with 13N(^+v)13C at such temperatures; Hoyle 
and Fowler (1965) have also shown that reactions like 140(a, ^)17F, 17F(/?, y)18Ne, and 
150(a, y)19F can play an important role in the nuclear transformations occurring at 
T > 5 x 108 ° K. Such temperatures may be achieved in hydrogen-rich material, for 
example, in nova explosions (Starrfield et al. 1972), in supermassive stars (Appenzeller 
and Fricke 1972), or in the envelopes of some supernovae. In contrast to burning at 
lower temperatures, the rates of nuclear reactions induced by protons and a-particles, 
which increase rapidly with temperature, typically exceed the ß-decay rates under these 
conditions. The more abundant nuclei on shorter burning time scales ( < 50-100 s) are 
thus those ^-unstable nuclei which are not rapidly destroyed by (/?, y) or (/?, a) 
reactions. The abundances resulting from this thermonuclear processing can differ 
substantially from the low-temperature case. In particular, nuclear species like 
13C, 14N, 15N, and 170 which have an unstable isobaric parent of ß lifetime ^ 50 s can 
be enhanced in such situations. 

In this paper, nuclear transformations induced by protons and a-particles involving 
nuclei from 12C to 25Mg have been studied for temperatures 0.1 < T9 < 1 (T9 is the 
temperature in units 109 ° K) and densities 1 < /> < 103 gem-3. Calculations have 
been performed for constant temperature and density conditions only. The motivation 
for this investigation is provided by the following considerations. (1) The nuclear 
reaction rates, hence the character of the thermonuclear evolution, are strongly 
temperature dependent, and it is instructive to explore the consequences of this 
dependence without introducing the further complications that arise due to time 
variations of the physical conditions in hydrodynamic studies. (2) “Equilibrium” 
calculations such as those performed by Caughlan (1965) and Caughlan and Fowler 
(1972, 1973) at lower temperatures (T9 ^ 0.3) are no longer applicable at higher 
temperatures, since the time scale required to approach equilibrium or steady-state 
burning conditions is often comparable to the hydrogen-burning time scale. (3) The 
temperature and density conditions we have explored are consistent with those we 
expect may be achieved in the envelopes of novae and supernovae or in the interiors of 
supermassive stars. From this study, it may therefore be possible to infer the basic 
thermonuclear burning patterns appropriate to these different astrophysical settings. 
The variations of abundances with time have been followed in detail in an attempt to 
determine the limiting temperature, density, and time-scale conditions consistent with 
the formation of nuclear species like 13C, 15N, 170, 180, 19F, 21Ne, and 22Ne. 

In § II the nuclear reaction network is defined, and the sources of the specific 
reaction rates used in this study are indicated. The need for further nuclear experiments 
and improved theoretical estimates of critical reaction rates is emphasized. The results 
obtained in these studies at constant temperature are presented and analyzed in § III. 
The conditions required for the synthesis of specific isotopes in this mass region are 
summarized (§ IV), and the implications of these results for nucleosynthesis in various 
astrophysical environments are discussed (§ V). 

II. THERMONUCLEAR REACTION RATES AND REACTION NETWORK 

The thermonuclear reaction network considered in this study is illustrated in 
figure 1. We have included all the important reactions induced by protons, a-particles 
neutrons, and photons [(/?, y), (a, p), (a, n), and (a, y) reactions and their inverses] 
together with the weak interactions (positron decays) which can influence the abun- 
dances of nuclei from 12C to 25Mg at temperatures 0.1 < T9 < 1. To follow the 
behavior of the neutrons, we have included both the relevant (a, n) reactions and the 
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Fig. 1.—Illustration of the nuclear reaction network used in this study. The black dots represent 
the stable nuclei; the white dots represent the beta-unstable nuclei. They are linked by solid lines 
which represent the nuclear reactions (p, y) {vertical lines), (a, n) (lines making a 25° angle with the 
abscissa), (a, p) or (/?, a) (lines making a 60° angle with the abscissa), and (a, y) {curved lines). 
The dashed lines represent the weak interactions (positron decays). 

important 14N(/2, /?)14C reaction which provides the more stringent limitation on their 
number. The other (/?, n) reactions have not been considered since they are more 
endothermic and they do not change the atomic mass of the target nucleus. 

The rates of the reactions used in this study have been taken from three different 
sources. Table 1 indicates the specific reactions we have included and the source from 
which the rates have been taken. Nuclear experiments have provided improved rates 
for a number of these reactions that Fowler, Caughlan, and Zimmerman (1973) have 
incorporated in their latest analysis ; however, many crucial rates have not been studied 
experimentally. In particular, the rates taken from the compilations of Wagoner 
(1969) and Wagoner, Fowler, and Hoyle (1967) represent theoretical estimates which, 
for reactions on these lighter nuclei, must be considered to have associated a sub- 
stantial degree of uncertainty. This must be kept in mind for particularly important 
reactions like 14G(a, /j)17F, 150(a, y)19F, or ^FQ?, y)18Ne which play a major role in 
the synthesis of nuclei of mass 17, 18, and 19. 

The variation with time of the abundances of the nuclear species involved in the 
calculations is governed by a system of differential equations. These equations have 
been solved by standard numerical techniques (Scarborough 1966; see also Arnett 
and Truran 1969). Where not otherwise specified, the initial composition of the 
material has been assumed to be that of solar-system matter (Cameron 1968). The 
evolution has been followed for a range of temperature and density conditions for 
total times ~105 s; the interesting consequences for energy generation and nucleo- 
synthesis are already apparent by this time, and we do not expect longer time scales 
to be consistent with such explosive hydrogen-burning conditions. For instance, the 
time scale of explosions in supermassive stars is a few times 104 s (Fricke 1973), and 
the light curves of the nova models studied by Starrfield et al. (1972, 1973) present a 
peak for times between 104 and 105 s. 

III. THERMONUCLEAR EVOLUTION IN HIGH-TEMPERATURE HYDROGEN BURNING 

The variations in abundance as a function of time resulting from the thermo- 
nuclear burning of matter comprised initially of a solar-system distribution1 of 

1 Illustrative calculations performed for different initial compositions are summarized in the 
Appendix. 
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13 -AI 

12 -Mg 
Flow diagram 
T9 = .5 
p = 100 g cm3 

t = 6 * IÖ9sec. 

□ □ 

Z 

13 

Fig. 2.—Flow diagram at Tg = 0.5, /> = 100 g cm-3, and t = 6 x 10"9 s. At the beginning of 
the process the dominant reactions are the Q?, y) reactions and especially the Q?, a) reactions 
induced on the stable nuclei. 

abundances (Cameron 1968) are presented for densities from 1 to 1000 g cm-3 and temp- 
eratures T9 = 0.1, 0.2, 0.5, and 1.0, respectively. Since the reaction rates, hence the 
thermonuclear evolution, are most strongly dependent on the temperature, we present 
the result of our investigation below as a function of this parameter. It will first be 
useful to note certain general characteristics of the patterns of nuclear transformations 
which dictate the production of interesting nuclei from 12C to 25Mg. For the tempera- 
ture range considered here, 0.1 < r9 < 1, the general character of the nuclear 
transformations affecting the interesting nuclei from 12C up to 25Mg may be illustrated 
with the use of “flow diagrams.” 

Early in the thermonuclear processing history of hydrogen-rich matter exposed to 
these conditions, the character of the thermonuclear evolution is more or less the same 
independent of the temperature. The dominant reactions are (p, y) and (p, a) reactions 
operating on stable nuclei (fig. 2), specifically: the proton-capture reactions 
12C(/7, y)13N, 13C(/7, y)14N, 14NQ?,y)150, 157V(A y)160, 160(/>, y)17F, 18OQ?, y)19F, 
20Ne(/?, y)21Na, 21Ne(/?, y)22Na, 22Ne(/?, y)23Na, 23Na(/?, y)24Mg; and the (/?, a) 
reactions 15N(a a)12C, 170(/>, a)14N, 180(p, a)15N, 19F(/?, a)16G, and 23Na(>, a)20Ne. 
The cyclic behavior typical of CNO burning is not apparent on these short time scales, 
since it requires significant contributions from the relatively long-lived positron 
decays of proton-rich isotopes. However, one can initially expect a rapid depletion of 
the stable isotopes, depending especially on the temperature conditions and the 
relative reaction rates [generally the (p, a) reactions are much faster than the (p, y) 
reactions, hence 15N, 180, 19F, and 22Ne disappear far more rapidly than the other 
stable isotopes during this early history]. 

In contrast, the character of the nuclear burning on long time scales is extremely 
temperature sensitive. At lower temperatures, T9 < 0.2, once substantial abundances 
of 13N, 140, and 150 are achieved and the total burning time approaches or exceeds 
their decay lifetimes, the CNO bi-cycles characteristic of burning at lower temperatures 
(Caughlan and Fowler 1962) become evident. Since the 13N(/?, y)140 reaction is 
competitive with the 13N(e+i^)13C decay at these temperatures, the formation and 
decay of 140 becomes a major distinguishing feature of these higher temperature 
cycles. This behavior is illustrated in figure 3, where the major flows for T9 = 0.1, 
P = 100 g cm-3 at time ¿ ~ 105 s are shown. The dominant sequence of reactions 
here is 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 

12C(p, y)13N(A y)140(e+v)14N(/?, y)150(e+v)15N(p, cc)12C , 



JEAN AUDOUZE ET AL. Vol. 184 498 

Fig. 3.—Flow diagram at TQ — 0.1, p = 100 g cm"3, and f = 1.1 x 105 s. The standard 
CNO cycle is operating at these moderately high temperatures. 

with weaker branches 

13N(e+v)13C(p, y)14N 

and 
15N(/?, y)1G0(p, y)11F(e+v)110(p, a)14N . 

As long as the proton flux is not exhausted, we see here that one can get significant 
overabundances of masses 13, 14, 15, and 17 existing primarily as 13N, 140, 150, and 
17F. These positron-emitting isotopes with characteristic lifetimes ^ 100 s here play 
the same role as does 14N at lower temperatures: their relatively slow rates of destruc- 
tion dictate the time scales of these cycles and render them the most abundant 
constituents. 

At higher temperatures, significant perturbations on these flow patterns become 
increasingly apparent. Figure 4 illustrates the major flows for r9 = 0.5, p = lOOgcm-3 

at time t = 105 s. At this temperature the abundances of 140 and 150 become relatively 
large, as do the rates of «-induced reactions. Superposed upon the CNO cycling 

Fig. 4.—Flow diagram at T9 = 0.5, p = 100 g cm'3, t — 105 s. At this temperature the 
importance of 140(a, /?)17F, 150(a, y)19Ne, and 17F(/>, y)18Ne becomes apparent. Under these 
conditions the Ne-Na cycle also operates. 
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Fig. 5.—Flow diagram at Tg = 1, p = 100 g cm-3, and ¿ = 1.2 x 103 s. At this temperature 
the alpha-induced reactions transform the lighter elements C-F into the heavier ones up to 24Mg. 

patterns proceeding via 140, the contributions from the 140(a,/?)17F, 150(a, y)19Ne, 
and 17F(j?, y)18Ne reactions become important resulting in significant enhancements 
of masses 17, 18, and 19. 

Furthermore, the neon-sodium (Ne-Na) cycle operating at these temperatures acts 
to enhance the abundances at masses 21 and 22: 

20Ne(/7, y)21Na(e+v)21Ne(i7, y)22Na, 

22Nà(/>, y)23Mg(<?+v)23Na(>, a)20Ne . 

These features are apparent at temperatures TQ = 0.5 to 1.0 for densities p ^ 100 
g cm-3. At the highest temperatures and densities, T9 = 1, p ^ 102 g cm“3, a rapid 
transformation of the lighter elements to the heavier nuclei takes place on rapid time 
scales (fig. 5) as a consequence of significant contributions from a-induced reactions : 
150 and 160 go to 19Ne and 20Ne by (a, y) reactions. The Ne-Na cycle continues to be 
important, assisting in the conversion of the bulk of the initial nuclei to 24Mg following 
23Mg(/?, y)24Al(e+v)24Mg. 

We now proceed to a discussion of the variations of abundances in time, keeping in 
mind the basic patterns of thermonuclear flows summarized in the previous para- 
graphs. 

a) Evolution ötf Tq = 0.1 

The evolution of the mass fractions as a function of time are shown in figures 6a 
and 6b for a temperature TQ = 0.1 and density p = 100 g cm“3. The total abundances 
for a given mass are represented by the abundances of the stable nucleus at the mass 
number—equivalent to instantaneously turning off the temperature and allowing 
positron decays to proceed. At this density, the main enhancements achieved are those 
of 13C (by a factor greater than 30), and 15N and 170 (by factors ~ 10) between 
5 x 102 and 104 s. This results from relative enhancements of 13N, 150, and 17F. For 
these burning conditions, rather small enhancements are realized. 

At the end of the nuclear processing we get ratios 15N/14N = 1.4 x 10“ 2,13C/12C = 
1.3, and N/C = 9.3, quite comparable with those obtained by Caughlan and Fowler 
(1972, 1973) but strongly different from those calculated in the “cold” CNO cycle 
(Caughlan and Fowler 1962) where the same ratios are, respectively, 4 x 10“5, 0.3, 
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Figs. 6a and 6b.—Evolution of the mass fractions A" as a function of time for TQ = 0.1 and 
P — 100gem-3. 13C, 14N, and 15N are slightly enhanced for t ^ 102-103 s, while 180, 19F, and 
21 Ne are depleted. 

and ~100. This illustrates the effects of the relative change in importance of the 
positron decay rates at these temperatures. 

Table 2 summarizes the enhancements achieved as a function of density. Even for 
densities as high as 103 gem-3 the effects are only interesting for 13C and 15N for 
time scales > 102-103 s. It must be noted, however, that such low temperatures are 
the most promising with regard to the production of 13C, since 13N is readily destroyed 

TABLE 2 
Enhancements for Tg = 0.1 

1 10 100 1000 
p         

(gem-3) x t (s) x t (s) a: í (s) x t (s) 

H  ... ... -0.5 >105 

He  ... ... -2 >105 

13C  -10 >104 -20 103-104 >30 102-2 x 103 -40 >5xl02 
14N  5 >105 10 >105 10 ^104 
15N  0.1-0.3 >30 3 >3 x 104 10-80 > 103 20-300 102-104 

170  3 -105 2 3 x 103 7 5 x 102-2 x 104 >10 10-104 

Note.—The enhancement (or sometimes depletion) factors x [X(^Calculated/^7/Osoiar system] are 
gathered for different densities together with the time scale t (in seconds) where these enhance- 
ments (or depletions) are obtained. 
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Figs, la {top) and lb {bottom).—Evolution of the mass fractions X as a function of time for 
Tq — 0.2 and p = 100 g cm“3. Notice the transformation of hydrogen into helium at i ~ 3 x 104s 
and the enhancements in 13C, 14N, 15N, 170, and 21Ne. 180 and 19F are still depleted at such tem- 
peratures. 
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by the 13N(/?, y)140 reaction at higher temperatures. This important feature will be 
discussed in greater detail in the following section. 

b) Evolution at T9 — 0.2 

The variations in the elemental fractions with time at a temperature TQ = 0.2 and 
density p = 100 g cm-3 (figs, la and lb) are qualitatively the same as for the r9 = 0.1 
case. The enhancements realized as a function of density are shown in table 3. The 
main features may be summarized briefly as follows. 

Hydrogen is completely transformed into helium at about 3 x 104 s, this time 
being independent of the density (see table 3). This behavior is illustrative of the fact 
that the time scale of the hot CNO cycle is largely governed by the ß-decay rates, 
rather independent of density and temperature. Overabundances of 13C, 15N, 170, 
21Ne, and 22Ne are realized at various stages of burning: 13C by a factor ^ 10,15N by 
factors as large as 2000 for times 10 < t < 104 s, 170 by a factor ^ 100 over the time 
interval from ~3 to 600 s, 21Ne by a factor ^ 30 for burning times between ~2 and 
100 s, and 22Ne by a factor ^ 10 for times t ^ 10 s. 

Two features of these abundance histories deserve further comment. We note first 
that for times ¿ > 1 s, prior to hydrogen exhaustion, the 13C/12C ratio exceeds unity, 
far out of line with the steady-state ratio 13C/12C = 0.3 characteristic of burning at 
temperatures below 108 ° K. This results from the fact that the major destruction of 
mass 13 here takes place by the 13N(/?, y)340 reaction. The ratio can now approach a 
steady-state value 13C/12C ~ t[13N(/?, y)140]/r[12C(p, y)13N] which itself exceeds one. 
The late rise in the 12C and 13C abundances and the associated inversion of the ratio 
to 12C/13C > 1 results from the 15N(p, a)12C reaction which proceeds rapidly follow- 
ing the 150(^+v)15N decay. 

The peaking and subsequent fall-off of the abundances of masses 17, 18, 19, and 21 
are persistent features of burning at high temperatures which have strong implications 
for nucleosynthesis. The abundances at these mass numbers increase rapidly over 
burning intervals ~ 1-100 s, primarily due to (p, y) reactions. On longer time scales, 
the positron decays of the positron-unstable isotopes 17F, 18Ne, 19Ne, and 21Na 
(lifetimes of 66, 1.5, 17.5, and 22.8 s, respectively) begin to dominate, and the abun- 
dances at these mass numbers fall toward their much lower steady-state values, defined 
by equality of the rates of formation and destruction. The production of enhanced 
abundances of nuclei at these mass numbers (170,180,19F, and 21Ne) must therefore 
require burning time scales in real astrophysical environments which do not greatly 
exceed the decay lifetimes of the unstable progenitors of these isotopes. 

c) Evolution at Tq = 0.5 

The abundance histories for burning at r9 = 0.5 are shown for a density p = 100 
g cm-3 in figures Sa and Sb, and for a density p = 1000 g cm"3 in figures 9a and 9b. 
The enhancements realized as a function of density are shown in table 4. Burning at 
this higher temperature differs in several important respects from the previous cases. 
The 13C/12C ratio is again greater than unity, but the abundances at both mass num- 
bers have been enormously depleted as a significant fraction of the material is processed 
toward higher masses. Significant 13C production clearly can take place only at lower 
temperatures. 

Large enhancements of masses 15, 17, and 21 (15N, 170, and 21Ne) and lesser 
maximum overabundances at masses 18, 19, and 22 (180, 19F, and 22Ne) are evident 
at various phases of the burning histories. Following the fall-off from their peak values 
achieved at times i ^ re+, the abundances of 180, 19F, and 21Ne tend to fall off 
rapidly at long times (t ^ 104 s) due to the combined effects of positron decay of 
18Ne, 19Ne, and 21Na and (/?, a) reactions near hydrogen exhaustion. At higher 
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Figs. Sa (top} and 8¿> (bottom).—Evolution of the mass fractions X as a function of time for 
T9 — 0.5 and p = 100 g cm-3. Notice the enhancement of 15N and the production of ~10-9 

neutrons (by mass), while 12C and 13C are depleted after times as short as 10“3 s. At this tempera- 
ture 130 and 19F begin to be formed. 
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Figs. 9a {top) and 9b {bottom).—Evolution of the mass fractions ^ as a function of time for 
Tq = 0.5 and p = 103gcm-3. At such temperature and density conditions the (a,/?) reactions 
prevent the transformation of hydrogen into helium. 
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densities (figs. 9a and 96), the effects of (a, p) reactions are to somewhat slow down the 
rate of hydrogen depletion; after 105 s the hydrogen abundance has fallen only slightly 
while small overabundances at masses 17, 18, 19, and 21 are still evident. 

The production of a neutron abundance ~ 10“9 by mass is also seen to occur at 
this temperature for times up to ~ 105 s. This results primarily from (a, n) reactions 
proceeding on 13C, 170, 180, 21Ne, and 22Ne. As the 4He abundance increases in the 
late stages of burning (figs. 8a and 9a), the neutron abundance also increases. The 
maximum neutron concentrations realized at this temperature are not sufficient to 
drive a full s-process, but they may result in modifications of the abundances of iron- 
peak nuclei present in the same material. 

d) Evolution at TQ = \ .0 

The variations of the mass fractions with time resulting from burning at a tempera- 
ture of one billion degrees are shown for densities p = 100 and 1000 g cm-3 in 
figures 10a, 106, 11a, and 116. Table 5 summarizes the overabundances of various 
mass numbers as a function of density. At this high temperature, a combination of 
(a,/?) and {y,p) reactions act to retard the rate of hydrogen depletion. Neutron 
concentrations approaching ~ 10-7 by mass are realized here for times up to - 1000 s; 
again no significant neutron processing of nuclei above iron can result from this 
neutron flux. 

As in the previous case, large overabundances of many of the more massive nuclei— 

Figs. \0a and 106.—Evolution of the mass fractions Y as a function of time for Tg = 1 and 
P = 100 g cm-3. Notice the increase of Ar(24Mg) due to the transformation of the lighter nuclei by 
«-particle induced reactions. The hydrogen and helium mass fractions (not illustrated) remain 
constant throughout the duration of the process. 
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b 
Figs. \\a and 11 ^.—Evolution of the mass fractions Z as a function of time for Tg = 1 and 

P = 103 g cm-3. 

180, 19F, 21Ne, and 22Ne—together with 15N occur at various times relatively early 
in the burning. Oxygen-17 is not enhanced at this temperature. This is due to the fact 
that the rate of 17F(y, p)160 overcomes that of 160(/?, y)17F, and 13C is again greatly 
depleted. The interesting new feature is that if the burning is allowed to proceed for a 
time in excess of ^ 100 s, no enhancement of any of these rarer isotopes is achieved. 
The net result of such burning is the transformation of the major fraction of the mass 
initially present in the form of nuclei heavier than 4He to 24Mg—the burning has 
simply gone too far. If the burning could somehow be instantaneously terminated at a 
time ~ 10 s, the net result would be large enhancements of nuclei of mass 15, 18, 19, 
21, and 22. In the following section we will discuss qualitatively the likelihood of such 
behavior in the context of hydrodynamic expansion and cooling of mass zones ejected 
in nova and supernova explosions. 

IV. NUCLEOSYNTHESIS IN HIGH-TEMPERATURE HYDROGEN BURNING 

The presentation of the results of our calculations in the previous section has 
involved some attention to detail, intended for those concerned with the specific 
characteristics of this thermonuclear burning process. This study of nuclear “cooking” 
at constant density and temperature will be useful in subsequent studies where detailed 
variations of density and temperature with respect to time (representing, for instance, 
the ejecta of novae, supernovae, or supermassive star explosions) must be considered. 
For instance, the preliminary results obtained by Audouze and Fricke (1973) in their 
study of hydrogen burning in supermassive star explosions are very similar to those 
obtained here for TQ = 0.2 and predictions of nucleosynthesis in nova envelopes 
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(Starrfield et al. 1972, 1973) are grossly compatible with our results for the nuclear 
evolution at TQ = 0.5. The significant consequences of high-temperature CNO-Ne 
cycle burning for nucleosynthesis as inferred from our studies are summarized below. 

a) The transformation of hydrogen to helium takes place on a time scale which is 
not a simple function of the burning temperature and density. The time scale for 
hydrogen exhaustion decreases from ~107s at TQ = 0.1 to ~105s for TQ = 0.2, 
primarily as a result of the temperature sensitivity of the proton capture reaction rates. 
At Tq = 0.5, competition from {y,p) reactions reduced the eifectiveness of increased 
(p, y) reactions and the burning time scale remains at ~ 105 s. At the highest tempera- 
ture studied, Tg = 1, both (y,p) and (a,p) reactions act strongly to oppose hydrogen 
exhaustion. Furthermore, the buildup proceeds toward heavier nuclei, A ^ 19, 
where the importance of reaction cycles in the conversion of hydrogen to helium is 
reduced. At this temperature, the time scale for hydrogen exhaustion increases to 
~ 106 s, somewhat dependent upon the density. 

b) A small neutron flux can be achieved at higher temperatures for times of the 
order of ~ 1000 s. We found, specifically, a neutron mass fraction greater than 10“9 

maintained for ~ 105 s in burning at T9 = 0.5, and a neutron mass fraction greater 
than ~ 10-8 maintained for more than ~103s at T9 = 1.0. These neutrons result 
primarily from (a, n) reactions which can proceed rapidly at higher burning tempera- 
tures. The 14N(«, p)14C reaction acts to moderate the neutron fluxes at these levels. 
These neutron concentrations clearly are not sufficient to drive a full ^-process: the 
ratio of neutrons to seed 56Fe nuclei (for solar material) is only 10-8/2 x 10"5 ~ 
5 x 10 "4, while a ratio ~ 10-100 is required for significant buildup by neutron cap- 
ture. 

c) The production of 13C is strongly temperature dependent. Significant over- 
production of 13C occurs only at lower temperatures, T9 ^ 0.2. At higher tempera- 
tures, even though the 13C/12C ratio typically exceeds unity, the total abundances of 
both carbon isotopes are reduced by several orders of magnitude relative to solar 
proportions, primarily due to the reaction sequence 12C(p, y)13N(p, y)140. The large 
13C abundances observed in carbon stars, 12C/13C ~ 0.3, C/O > 1, presumably 
result from CNO-cycle burning at temperatures below 200 million degrees (Scalo 
and Ulrich 1973; Sackmann, Smith, and Despain 1973; Truran 1973). 

d) The isotopes of nitrogen, 14N and 15N, are both enhanced, particularly at lower 
temperatures, due to the relative stability of their positron-decay progenitors, 140 and 
150, against proton-induced reactions. The enhancement of 14N never exceeds a factor 
~ 6 in the temperature range explored in this paper, supporting indirectly the usual 
view that 14N results from CNO-cycle hydrogen burning at lower temperatures. 
Nitrogen-15, in contrast, is the most readily overproduced isotope for the burning 
conditions explored in this paper. Significant enhancements occur, particularly at 
temperatures above T9 = 0.2, with some reduction at mass A = 15 resulting at a 
temperature T9 =-- 1.0 due to the increased importance of the 150(a, y)19Ne reaction 
forming mass A = 19. 

e) Of the rare isotopes of oxygen, 170 is readily enhanced for temperatures below 
T9 ~ 0.5 and larger densities (p ^ 100 g cm-3). At higher temperatures and lower 
densities competition from the 17F(y, p)160 reaction seriously inhibits the production 
at mass A = 17. 

Any initial 180 present in the medium is readily destroyed even at lower tempera- 
tures, T9 ^ 0.2, by the reaction 180(p, a)15N. Even under circumstances where mass 
A — 18 is formed as 18F, this will in turn be destroyed by 18F(p, y)19Ne. A significant 
enhancement at mass A = 18 occurs only at intermediate temperatures T9 ~ 0.5 and 
densities p ^ 100 g cm"3 by means of the 17F(/?, y)18Ne reaction. Even under these 
more favorable conditions, mass A = 18 is destroyed if the burning proceeds on time 
scales long enough for the weak interactions to take place. Following 18Ne decay, 
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18F(/7, a)150 proceeds rapidly and any 18F(^ + r)180 decay is immediately followed by 
180(/?, a)15N. 
/) Large overabundances of 19F are found to occur only for CNO-Ne cycle burning 

at higher temperatures and densities. Under these circumstances, mass ^4 = 19 is 
produced as 19Ne by the 150(a, y)19Ne and, to a lesser extent, the 18F(/?, y)19Ne 
reactions. Enhancements of factors ^ 100 can be achieved for temperatures T9 ^ 0.5 
and densities p ^ 100 g cm-3. The burning time scale is again a critical factor, for if 
the 19Ne(e + ^)19F decay takes place while the medium is still hot (T9 ^ 0.2), the 19F 
thus formed will be rapidly destroyed by the 19F(/?, a)160 reaction. 

g) The rare isotopes of neon are both produced in varying amounts in burning at 
higher temperatures. Overabundances of 22Ne result from burning at temperatures 
T9 ^ 1 and densities p ^ 100 g cm“3. Under these conditions, significant production 
of mass A = 22 occurs by 21Na(/?, y)22Mg. Following decay, 22Mg(^ + ^)22Na, the 
long-lived 22Na can survive at somewhat higher temperatures than the progenitors of 
other rare isotopes. 

Large overabundances of mass ^ = 21, reaching factors ^400, can also result for 
temperatures T9 ^ 0.5 as a result of the 20Ne(/?, y)21Na reaction. The disadvantage 
here again lies in the fact that 21Na is relatively short lived and, following 
21Na(e + ^)21Ne, can be rapidly destroyed by 21Ne(/?, a)18F and 21Ne(p, y)22Na. 

h) The triple-« reaction has been included in our reaction network. Its rate at 
temperature r9 < 1 is too slow to induce significant transformation of 4He into 
metals on the time scales we have considered in this paper. However, at r9 = 1 some 
buildup of heavier nuclei by means of this reaction is realized. The strong increase in 
the 24Mg concentration at long times (t > 104 s) evidenced in figure 1 la, for instance, 
may be directly attributed to the inclusion of this reaction. 

We see than that the rare isotopes of lighter nuclei—13C, 15N, 170, 180, 19F, 21Ne, 
and 22Ne—can all be produced in enhanced concentrations under conditions where 
hydrogen burning proceeds via CNO-Ne cycles at higher temperatures. The precise 
conditions of maximum enhancement of these various isotopes vary considerably as a 
function of temperature, density, and burning time scale. The main features of these 
variations are summarized in table 6, where we have presented the ratios of our 
calculated abundances to the solar-system abundances (Cameron 1968) as a function of 
temperature, density, and burning time. The chosen burning times, t = 5, 50, and 500 s, 
correspond roughly to the hydrodynamic time scale given by Fowler and Hoyle (1964) 

tud ~ 446/p1/2 seconds 

for densities p = 104, 102, and 1 gem“3, respectively. This is consistent with the view 
that such high-temperature hydrogen-burning conditions would most likely be 
achieved as a consequence of stellar explosions—novae or supernovae. For purposes 
of comparison, in constructing table 7 we have selected, for T9 = 0.5 and 1.0 and 
densities p = 1, 10, 102, and 103 g cm"3, the time scale for which the greatest number 
of nuclear species is enhanced. This table again gives the ratio of calculated to observed 
abundances. 

These tables clearly illustrate the very complex character of the thermonuclear 
burning sequences explored in this paper. Abundances may be enhanced or depleted 
significantly depending on relatively small variations in any of the physical conditions 
considered—temperature, density, or time scale. We note as well that these calculations 
have been performed at constant temperature and density—we expect that the 
influence of expansion and cooling (“freezing”) on the thermonuclear evolution of 
mass zones ejected in stellar explosions may alter the abundance patterns. The need 
for such freezing effects—for example, the need to reduce the temperature on a rapid 
time scale in order to preserve concentrations at masses A = 18, 19, and 21—is 
suggested by these constant-temperature studies. 
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TABLE 7 
Selection of a Few Temperature-Density-Time-Scale Conditions Where a 

Large Number of Similar Enhancements x(A) Are Obtained 
[x(/4) = Calculated/^(^)solar abundance] 

T9 = 0.5 T9 = 1.0 

(gem"3) 1 10 102 103 ~Ï 10 ÏÔ2 ÏÔ3 

Time 
(seconds) 55 55 55 7 50 10 1 0.5 

Jt(13C)  7 x 10"2 4 x 10"3 2 x IO"3 2 x 10"4 10~4 10"5 IO“6 lO'8 

x(15N)  750 750 1300 230 150 100 300 30 
*(170)  2 20 140 160 IO"3 10"1 10“1 1 
x(lsO)  6 x IO"3 6 x IO"2 4 80 10"3 0.1 3 35 
x(19F)  5 x 10"2 0.5 8 30 70 200 400 250 
*(21Ne)  100 80 100 280 50 10 5 10 
*(22Ne)  10 10 6 2 2 5 15 40 

V. ASTROPHYSICAL IMPLICATIONS AND CONCLUSIONS 

We now wish to summarize the main results of this exploratory study. As has been 
emphasized throughout this paper, the resulting abundance patterns are extremely 
sensitive to the physical conditions: time scale, density, and especially temperature. 
The temperature range of interest is itself well defined. For temperatures as low as 
Tq ~ 0.1 the results are similar to those obtained from the slow CNO cycle (Caughlan 
and Fowler 1962; Caughlan 1965), namely, a large abundance of 14N is obtained 
compared to C and O, while at temperatures TQ ^ 1 all the nuclei of A ^ 22 are 
transformed into 24Mg (or heavier nuclei perhaps if the network were extended). 
r9 = 1 is definitively the upper limit of the range in which hot CNO-cycle burning 
would occur. 

There are several important implications of these results for problems of nucleo- 
synthesis. 

a) For the conditions considered in these calculations (solar abundances) the 
neutron flux available is never sufficient to drive the standard ^-process. 

b) The transformation of hydrogen into helium occurs on time scales exceeding 
2-3 x 104 s. The time scale for hydrogen depletion decreases with increasing tem- 
perature up to Tq ~ 0.5, beyond which it increases slightly with temperature. This 
behavior, peculiar to CNO burning at higher temperatures, results from increased 
contributions from (y, p) and (a, p) reactions at higher temperatures as described in 
§IV(tf). 

c) Among the nuclear species studied here, we have seen that 13C production 
demands lower temperatures than the other isotopes. This is due in particular to the 
large rate of the 13N(/?, y)140 reaction at temperatures T9 > 0.2. There are several 
promising environments for 13C production: carbon and S-type stars may contribute 
significant amounts of 13C (Scalo and Ulrich 1973; Truran 1973; Sackmann et al. 
1973). In this regard, it is important to note that comparable relative enhancements of 
13C and ^-process nuclei are observed in S-type stars. Carbon-13 may also be produced 
together with 15N and 170 in supernova or nova shells which have not been subjected 
to too high temperatures (T9 < 0.3) (see, for instance, the calculations of Starrfield 
et al. 1972, 1973 relevant to nova explosions). Studies of hydrogen burning in ex- 
plosions of supermassive stars also indicate that this isotope is overproduced in such 
circumstances (Audouze and Fricke 1973). 

d) Significant enhancement of 15N and 170 occurs at temperatures TQ from 0.2 to 
0.5. Lesser enhancements of mass 18, 19, and 21 also occurred in some circumstances, 
but these are particularly sensitive to the time scale. This is due to the fact that the 
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positron-decay progenitors are very short lived: the half-lives of 18Ne, 19Ne, and 21Na 
are respectively 1.5, 18, and 21 s. Furthermore, these progenitors (especially 38Ne and 
19Ne) are only produced in significant amounts at high temperature (Tq > 0.5) 
[18Ne is produced mainly by 17F(/?, y)18Ne and 19Ne by 150(a, y)19Ne]. At these high 
temperatures 180, 18F, 19F, and 21Ne are very rapidly destroyed by (p, a) reactions; 
significant production of these isotopes therefore demands that the temperature be 
effectively turned off on a time scale of the order of the positron-decay lifetime, placing 
severe restrictions on the dynamic models. 

It is important to note that our predictions of abundance enhancements are sensitive 
in many cases to uncertainties in nuclear reaction rates. Wherever possible, we have 
used the nuclear rates compiled by Fowler et al. (1973) on the basis of existing nuclear 
data. Unfortunately, several critical nuclear rates which govern the production and 
destruction of masses A = 17, 18, and 19 involve unstable nuclear species, and are not 
available from experiment: the 140(a,/?)17F, 150(a, }/)19Ne, 17F(p, y)18Ne, and 
18F(p, a)lsO reactions. We have adopted the estimates of these rates presented by 
Wagoner et al. (1967) and Wagoner (1969). Uncertainties in these rates may result in 
distortions of the relative yields at masses ,4 = 18 and 19 predicted by our calculations. 
While the enhancement determined in these studies for 19F are typically 10 times 
those found for 180, adjustments of these rates within the limits of uncertainty can 
allow predictions of comparable relative enhancements. 

To conclude this preliminary study on the hot CNO-Ne cycle, it appears that the 
nuclei from 12C up to 25Mg must have a complex nucleosynthesis history. To account 
for the observed abundances, several different processes may or must have occurred, 
including helium burning in nonexplosive stars to account for 12C, 160, and 22Ne 
(Deinzer and Salpeter 1964; Vidal, Shaviv, and Kozlovsky 1971; Couch and Arnett 
1972); explosive carbon burning to account for 20Ne, 23Na, 24Mg, and 25Mg 
(Arnett 1969); the CNO-Ne cycle at various temperatures, low T for 13C and 14N 
(Caughlan and Fowler 1962; Caughlan 1965), intermediate Tfor 15N, 170, and 21Ne, 
high T for 180, 19F, and 22Ne; possibly explosive helium burning for 15N, 180, 19F, 
and 21Ne (Howard, Arnett, and Clayton 1971), and finally the still mysterious spallation 
processes (Audouze 1970) in supernovae (Colgate 1973) or in supermassive-star 
envelopes (Hoyle and Fowler 1973). It is the task of forthcoming works to define a 
possibly simpler account of the nucleosynthesis regarding this important region of 
the Mendeleev table. 
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APPENDIX 

NUCLEAR PROCESSING OF MATTER OF DIFFERENT INITIAL 
COMPOSITION 

The preceding analysis is based upon calculations performed for matter of solar- 
system composition. In order to illustrate the effects of variations in the initial 
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composition, calculations have been performed for TQ = 0.2, 0.5, and 1 and p = 100 
gem-3 for the following cases: 

Composition A: X(H) = 0.74, X(4He) = 0.24, Y(12C) - Y(160) = 0.01 . 

Composition B: Y(H) = 0.68, Y(4He) = 0.22, Y(12C) = Y(160) = 0.05 . 

TABLE 8 
Results of the Chemical Evolution of Matter with Different Initial Compositions 

[Composition A: Y(H) = 0.74, Y(4He) = 0.24, Y(12C) = Y(160) = 0.01 ; 
Composition B: Y(H) = 0.68, Y(4He) = 0.22, X(12C) = X(160) = 0.05] 

Time 
Solar- 
System 

Tq = 0.2 0.5 

Element (s) Abundance Comp. A Comp. B Comp. A Comp. B Comp. A Comp. B 

12C.... 

13C.... 

14N. . . 

15N. . . 

160.. .. 

170.. .. 

180.. .. 

19F. 

20Ne... 

21Ne... 

22Ne... 

23Na . . 

24Mg. . 

25Mg. . 

5 
60 

500 
5 

60 
500 

5 
60 

500 
5 

60 
500 

5 
60 

500 
5 

60 
500 

5 
60 

500 
5 

60 
500 

5 
60 

500 
5 

60 
500 

5 
60 

500 
5 

60 
500 

5 
60 

500 
5 

60 
500 

4.6(-3) 

4.6(-5) 

9.7( —4) 

3.8( —6) 

L0(-2) 

4.3( —6) 

2.5(-5) 

2.0( — 6) 

L2( — 3) 

3.6( —6) 

L3( —4) 

4.2( — 5) 

5.7(-4) 

7.6( — 5) 

0.13 
1.0( —2) 
2.6(-2) 
1 • 1 ( + 2) 
2.6 
7.6 
5.8 
7.7 
7.3 
26 
1.4( + 3) 
3.4(+ 3) 
0.94 
0.52 
7.7(— 3) 
1.4( + 2) 
8.9( + 2) 
9.0(+ 1) 
2.0(-5) 
3.6( —4) 
4.0( — 5) 

5.0( — 3) 
Ll(— 3) 

0.81 
5.4(-2) 
0.15 
5.7( + 2) 
14 
44 
26 
37 
35 
1.2( + 2) 
6.9( + 6) 
1.7( + 4) 
4.7 
2.8 
6.5( —2) 
6.3( + 2) 
4.2( + 3) 
5.5( + 2) 
9.6( — 5) 
1.8(-3) 
2.8( —4) 
1.4( —4) 
2.5( —2) 
6.0( — 3) 

1.0( — 5) 
L3( —4) 
Ll(— 3) 
2.0( — 3) 
11 
6.8 
5.7 
2.2( + 2) 
1.9( + 3) 
3.4(+ 3) 
0.91 
0.75 
0.29 
1.8( + 2) 
L4( + 2) 
56 
4.4 
4.0 
1.5 
0.27 
11 
27 

7.9 ( — 4) 
4.2( — 3) 
7.8( —2) 
0.47 
2.8 
2.0( —4) 
1.0( — 2) 
0.11 
2.6( — 5) 
9.5( — 3) 
0.13 

2.1 ( — 4) 
3.3( —2) 

2.8( — 5) 
5.2(-5) 
6.8( —4) 
5.6( — 3) 
L1 ( — 2) 
57 
34 
28 
l.l( + 3) 
9.0( + 3) 
1.6( + 4) 
4.6 
3.9 
1.9 
8.1 ( + 2) 
6.7( + 2) 
3.0( + 2) 
19 
17 
7.2 
1.2 
47 
L4( + 2) 

3.2( — 3) 
L8( —2) 
0.33 
2.1 
12 
8.5( —4) 
4.6( — 2) 
0.52 
3.1 ( — 4) 
3.8(-2) 
0.57 

8.3(- 
0.14 

3) 

4.8( — 5) 

13 
3.7 
4.0( —4) 
2.0 
0.51 
5.9( — 5) 
0.13 
3.2( —2) 

3.8 ‘ * 
0.96 
Ll( —4) 
46 
18 
L9( —3) 

6.7 
1.9 
2.2( —4) 
18 
10 
L0( —3) 
11 
14 
1.3(-3) 
1.8 
44 
61 
3.9( — 3) 
7.5( —2) 
0.10 

4.7(— 5) 
2.0( — 5) 

71* ” 
26 
L4( —2) 
10 
3.3 
L7( — 3) 
0.60 
0.19 
9.3( — 5) 
18 
6.0 
2.8( — 3) 
2.2( +2) 
1.3(4-2) 
6.5( —2) 

L7( — 5) 

31 ' 
11 
5.5(-3) 
72 
49 
2.3( — 2) 
48 
76 
3.6( — 3) 
7.0 
1.9(4-2) 
3.2(4-2) 
1.6( — 2) 
0.32 
0.46 

Note.—Calculations have been made for TQ = 0.2, 0.5, and 1; and p = 100 g cm-3. The 
calculated enhancements or depletions factors are listed at three different times and compared with 
the solar mass fractions (recalled in col. [3]). Depletion factors x < 10"5 and mass fractions less 
than 10"10 are not reported in the table. 
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In both cases, the H/He ratio is that of solar-system matter, while only the total 
amounts of 12C + 160 vary. The results of these calculations are summarized in 
table 8, where the ratios to solar-system abundances are presented for burning times 
5, 60, and 500 sec (corresponding approximately to the hydrodynamic time scales for 
densities 104, 102, and 1 gem-3, respectively). 

The results obtained here are quite similar to those described in the text: at T9 = 
0.2, large overabundances of 13C, 14N, 15N, and 170 are produced; at T9 = 0.5, 12C 
and 13C are depleted, 14N, 15N, and 170 are significantly enhanced and mild enhance- 
ments of 180 and 19F occur; for Tg = 1, the bulk of the metals are ultimately trans- 
formed into 24Mg, although 180,19F, and 22Ne remain overabundant by factors ~ 10 
after ~ 60 s. The main difference between these results and those for the solar case is 
that, in the absence of any initial 20Ne, no significant production of 21Ne occurs. 

These calculations again illustrate and define the temperature range appropriate 
to the production of various isotopes: 13C (T9 ^ 0.2), 14N (T9 < 0.5), 15N and 170 
(0.2 <Tq< 0.5) 180 and 19F (0.5 < T9 ^ 1) and 22Ne (T9 - 1). 
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