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ABSTRACT 
We have examined the effects of mixing various amounts of hydrogen-rich material into the 

intershell convective region of red giants undergoing helium shell flashes. We find that significant 
amounts of 14C can be produced via the 14N(«, p)14C reaction. If substantial portions of this 
intershell region are mixed out into the envelopes of red giants, then 14C may be detectable in 
evolved stars. 

We find a neutron number density in the intershell region of ~ 1015-1017 cm-3 and a flux of 
~1023-1025 cm-2 s-1. This neutron flux is many orders of magnitude above the flux required 
for the classical ¿-process, and thus an intermediate neutron process (/-process) may operate in 
evolved red giants. The neutrons are principally produced by the 13C(a, n)1Q0 reaction. 

In all cases studied we find substantial enhancements of 170. These mixing models offer a 
plausible explanation of the observations of enhanced 170 in the carbon star IRC 10216. For 
certain physical conditions we find significant enhancements of 15N in the intershell 
region. 
Subject headings: nucleosynthesis — stars: abundances — stars: interiors — stars: late-type 

described can lead to the production of significant 
neutron fluxes in the intershell convective zone. 

In the calculations that are described below we will 
assume that mixing between the intershell region and 
the hydrogen-rich envelope occurs as a result of 
physical mechanisms not included in stellar model 
calculations. Overshooting of convective elements from 
the top of the intershell convective layer is a plausible 
mechanism for mixing beyond the computed convec- 
tive boundaries. The problem of overshooting has been 
studied by Roxburgh (1965), Shaviv and Salpeter 
(1973), Castellani, Giannone, and Renzini (1971), 
Maeder (1975), and Cogan (1975). 

Instabilities related to differential rotation, which 
must occur as envelope material is processed through 
the hydrogen shell, represent another class of plausible 
mixing mechanisms. Conservation of angular momen- 
tum implies that the rotational velocity of matter 
should increase by many orders of magnitude as the 
envelope material moves from the base of the con- 
vective envelope through the hydrogen-burning shell. 
Since it is plausible to assume that the intershell region 
is made to corotate during a helium shell flash, regions 
with steep gradients in their angular velocity are likely 
to be produced (Levy and Rose 1974). These steep 
gradients in angular velocity can lead to an instability 
of the type discussed by Goldreich and Schubert 
(1967). The Goldreich and Schubert instability may 
lead to the turbulent diffusion of angular momentum 
whenever the angular momentum per unit mass 
decreases outward. Mixing caused by this instability 
is likely to proceed on a thermal time scale (Kippen- 
hahn 1969). Since this time scale is comparable to the 
duration of the maximum extent of the intershell 
convective zone, there is likely to be sufficient time for 
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I. INTRODUCTION 

There is a great deal of observational evidence that 
nucleosynthesis is taking place in the interiors of red 
giants. S stars and luminous carbon stars almost cer- 
tainly originate from nucleosynthesis during helium 
shell flashes. The principal goal of this paper is to 
predict the relative production of the isotopes of light 
elements and neutron fluxes that may be produced as a 
result of helium shell flashes. 

Numerous stellar model calculations have indicated 
that helium shell flashes occur in red giants as these 
double-shell-burning stars ascend the red giant branch 
for the second time (i.e., after helium core burning). 
In general the violence of these shell flashes increases 
as these stars evolve and become more luminous. An 
extensive intershell convective zone is produced as a 
result of these helium shell flashes. Although Schwarz- 
schild and Härm (1967) found that this convective zone 
penetrated into the hydrogen-rich layers, other calcu- 
lations (e.g., Rose and Smith 1970, 1972; Sweigart 
1974; Gingold 1974) showed that for low-mass stars 
the intershell convective zone closely approaches but 
does not penetrate the hydrogen shell. More recent 
calculations (Christy-Sackmann 1976) indicate that the 
intershell convective zone of a 6 M© star approaches 
to within 0.5 density scale heights of the hydrogen shell. 
Although most of the previously published calculations 
do not predict that the intershell convective zone will 
penetrate the hydrogen-rich layers above it, it is 
plausible in view of the approximate nature of stellar 
model calculations that such penetration does arise as a 
result of physical processes that have not been included 
in the calculations. Sanders (1967) has shown that 
mixing under physical conditions such as we have 
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the transport of angular momentum unless the relevant 
transport time scale is much longer (James and Kahn 
1970). In this case mixing caused by this process would 
be negligible. 

Shear turbulence in the presence of a gravitational 
field is a similar mixing mechanism. In this case the 
relevant parameter for stability is the Richardson 
number for compressible fluids. For sufficiently small 
values of the Richardson number, turbulent redistribu- 
tion of angular momentum occurs in a dynamical time 
scale (Rood and Ulrich 1974). It is quite plausible that 
such small values of the Richardson number can be 
attained during a helium shell flash and consequently 
the turbulent redistribution of angular momentum 
should proceed rapidly over the unstable layer. 

H. CALCULATIONS 

Our upper limit of 10“ 2 scale heights (2.5 x 10”6Af<D) 
is also an appropriate choice as this value corresponds 
to the maximum amount of mixed hydrogen-rich 
matter that was included in the studies of Sweigart 
(1974) who was examining the response of the flash 
convective zone to different amounts of hydrogen 
mixing in a 0.7 M© Population II star. This value of 
~2 x 10-6 M© was approximately 10 times the 
maximum amount of hydrogen that was found by 
Schwarzschild and Härm (1967) to be mixed into the 
intershell region during one helium shell flash cycle in a 
1 M© star. 

Assuming that the hydrogen shell is located at about 
T = 75-80 x 106 K, we find that the helium- and 
hydrogen-burning shells are separated by approxi- 
mately 1.2 x 109 cm. The pressure scale height Hp is 
given by 

We consider a red giant that is undergoing helium 
shell flashes. The mass interior to the helium-burning 
shell is taken to be 1 M©. We assume that during a 
helium shell flash a convection zone extends all the 
way from the helium-burning shell to the hydrogen- 
burning shell. In carrying out this calculation we 
assumed a temperature T = 3 x 108 K, density /> = 
2 x 103gcm"3, and radius R = 109cm at the 
boundary of the core. This boundary is taken to be 
just above the helium-burning shell. A knowledge of 
the physical variables at the core boundary and the 
further assumption of adiabatic convection allow us to 
determine the values of the physical variables in the 
intershell region by means of standard numerical 
integration. 

Following Iben (1975) we assume that the hydrogen- 
burning shell is reached when T ~ 15 x 106 K. The 
initial composition of the intershell region (assumed 
uniform) was 12C = 0.2, 4He = 0.78, and ieO = 0.02 
by mass. Those values are in rough agreement with 
those of Christy-Sackmann and Paczynski (1975). We 
varied the intershell composition so that 12C was more 
abundant than 4He and found the same qualitative 
results as we found for the above composition. We 
calculated how much matter is included in one pressure 
scale height above the hydrogen shell. We then mixed 
in fractions of a scale height of matter (10"4-10-2), 
assuming a solar composition of hydrogen and helium 
(X = 0.75 and Y = 0.23). We made the assumption 
that the remaining 2% of all the matter initially mixed 
into the intershell region was 14N that had been 
produced by CNO burning in the hydrogen shell. 

The upper limit of 10“2 scale heights was chosen 
because this choice corresponded to+2.5 x 10“6M© 
of hydrogen above the hydrogen shell. Since 1 MQ of 
hydrogen is capable of releasing ~ 1052 ergs during 
nuclear burning, 10“2 scale heights corresponds to 
~1046 ergs. Energies less than this will not produce 
violent hydrogen shell flashes, such as those that occur 
in novae (Rose 1968; Starrfield et al 1972). Such a 
violent event would significantly change the run of 
temperature and density in the intershell region, and 
consequently we did not mix larger amounts of 
hydrogen from the envelope into the intershell region. 

Hp 
-i _ 1 

P 
dP 
dr ; (o 

and for our case Hp x 2 x 108 cm. 
We assume that this matter of solar composition 

(with all the heavy elements in the form of 14N) is 
convected from the hydrogen shell down to the helium 
shell in a diffusion time rd. Since this intershell region 
extends over several pressure scale heights (i.e., ~6), 
we use the diffusion approximation to estimate the 
diffusion time. If such an approximation is used, the 
time scale for matter to traverse a thickness AR is 

where A is the mixing length and vc is the convective 
velocity in the intershell region given by (Levy and 
Rose 1974) 

t;c ä lO^LHe/^^cms“1. (3) 

For a typical peak luminosity of LUe ä 106 L©, vc ä 
1 km s“1. If we let A = HP9 then rd æ 6rc where rc is 
the convective time scale given by 

rc = AR/vc. (4) 

For Ai? = 1.2 x 109 cm and vc — l km s“1, equation 
(2) gives rd ~ 12 x 104 s. 

As this matter moves downward, it is mixed into the 
intershell region and burned. We divided the intershell 
region into 50 equal mass zones (each zone contains 
1.4 x 10“4 AT©). The average time for matter to be 
convected through a zone is approximately 103 s. 

The lifetime Th{a) of some species a against reactions 
with some species b is given by (Clayton 1968) 

Tb(a) = {N^ovyahY1, (5) 

where (vv)ab is the reaction rate between particles; 
and the number density of species b is 

Nb = PNAXbIAb, (6) 

where p is the mass density, NA is Avogadro’s number, 
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Xb the mass fraction of b9 and Ab the atomic weight of 
species b. The quantity NA(<Jv}ab is conveniently listed 
in Fowler, Caughlan, and Zimmerman 1975 (FCZII). 
In the intershell region the lifetimes of the nuclear 
species against hydrogen and helium burning given by 
equations (2) and (3) are in general much longer than 
103 s (i.e., r > 104 s). The exception to the above state- 
ment is the reaction 15N(p, a)12C, where r is compa- 
rable to or slightly less than 103 s for several of the 
densities and temperatures encountered. This reaction 
rate, which is very uncertain, does not seem to greatly 
affect abundance changes in our case. (We checked this 
by running several cases with more [i.e., smaller] zones.) 
Since the lifetimes of the nuclear species against hy- 
drogen and helium burning are in general longer than 
the time for convection through a zone (r ~ 103 s), 
we must first mix the matter coming from a higher zone 
into the new zone before initiating nuclear burning. 
After the matter had been mixed into a zone, we turned 
on all of the nuclear reactions for a time equal to the 

TABLE 1 
Nuclear Reaction Rates 

Strong Interactions 
4He(2a, y)12C 12C(/>, y)13N 12C(«, y)13C 12C(a, y)160 
13N(/7, y)140 
13N(n,p)13C 
13C(p, y)14N 13C(h, y)14C 13C(a, n)ieO 
14C(/>,y)16N 14C(a, y)180 
14N(a y)160 14N(«, y)15N 14N(/i, /?)14C 14N(a, y)18F 
16N(/?, y)ieO 16N(/?, ce)12C 16N(a, y)19F 160(/7, y)17F 160(«, y)170 160(a, y)20Ne 
170(/?, y)18F 170(p, a)14N 170(a, «)20Ne 
ieO(p, y)19F 180(p, a)16N 180(«, y)22Ne 180(a, w)21Ne 19F(/7, y)20Ne 19F(p, a)160 22Ne(a, «)26Mg 

(FCZ II) 
(FCZ II) 
(FCZ I) 
(FCZ II) 
(FCZ II) 
(FCZ II) 
(FCZ II) 
(FCZ I) 
(FCZ II) 
(FCZ II) 
(W) 
(FCZ II) 
(FCZ I) 
(FCZ II) 
(FCZ II) 
(FCZ II) 
(FCZ II) 
(FCZ II) 
(FCZ II) 
(FCZ I) 
(FCZ II) 
(FCZ II) 
(FCZ II) 
(FCZ II) 
(FCZ II) 
(FCZ II) 
(FCZ II) 
(FCZ II) 
(FCZ II) 
(FCZ II) 
(FCZ II) 

Weak Interactions: A in s"1 

13N(j8+v)13C 140(j3+v)14N 150(j8+v)15N 
17F03+v)17O 18F(ß+v)130 

1.16 x 
9.76 x 
5.68 x 

IO"3 

10"3 

IO'3 

1.05 x IO'2 

1.05 x 10"4 

Note.—FCZ I = Fowler, Caughlan and Zimmerman 1967; 
FCZ II = Fowler, Caughlan and Zimmerman 1975; W = 
Wagoner 1969. 

time it would take matter to be convected through a 
zone. The midpoint temperature and density of each 
zone was used in carrying out the calculations. Initially 
all of the zones contain only 4He, 12C, and 160, so the 
other elements become diluted in concentration due to 
the mixing (although they can build up due to nuclear 
reactions). After nuclear burning has continued for the 
required time scale, we then mix the matter from this 
burning zone to the next unburned zone and recom- 
pute the mass fractions and continue burning. This 
process is repeated until the helium-burning shell is 
reached at T = 3 x 108 K. 

We have checked that our basic results do not depend 
appreciably on whether matter is mixed at the con- 
vective velocity or at a slower rate that is consistent 
with the diffusion approximation. Since these two 
approximations should bracket physically plausible 
mixing velocities, we believe that our basic results are 
independent of uncertainties in the dynamics of 
turbulent mixing. 

The network of nuclear reactions that we used con- 
tains 21 species (including neutrons and protons) and 
is similar to the network used in Cowan and Rose 
(1975, hereafter Paper I). We have added the important 
reaction 22Ne(a, n)25Mg and several (n, y) reactions 
not included in Paper I. The nuclear reaction rates 
with the appropriate references are listed in Table 1, 
and a schematic representation of all the reactions 
except 22Ne(a, w)26Mg is shown in Figure 1. Some of 
these reaction rates from FCZ II have the factor 0 to 1 
front of several terms (we referred to these 0 and 1 
factors as 6 in Paper I). We found that our results were 
virtually independent of the value of these ^parameters. 

The initial time step in each mass zone was very small 
(10 "10 s), and the abundances of all elements with mass 

Fig. 1.—The network of nuclear reactions that we used in 
our calculations. [The 22Ne(a, w)25Mg reaction is not shown in 
the figure, although it was included in the network.] The 
vertical lines represent (p, y) reactions, and the horizontal lines 
represent («, y) reactions, between nuclei. The lines of approxi- 
mately 60° angle (from the horizontal) are (a, «) reactions, and 
the lines of 40° angle are (a, p) and (p, a) reactions. The curved 
lines are (a, y) reactions. The solid lines at 135° (from the 
horizontal) represent (n, p) reactions. The dashed lines repre- 
sent positron (ß+) decays of unstable nuclei. 
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Fig. 2.—The variations in the isotopic mass fraction that 
occur in the intershell convective region when 10“3//p of 
hydrogen-rich matter (ä3 x 10-7 M©) is mixed into the inter- 
shell region. The initial composition of the intershell region is 4He = 0.78, 12C = 0.2, and 160 = 0.02. The temperature 
scale represents the run of temperature from the hydrogen shell 
at T ~ 80 x 106 K to the helium shell at T ~ 300 x 106 K. 
The temperature scale is analogous to a time scale since matter 
is convected downward (i.e., to higher temperatures) at constant 
velocity. 

fraction larger than 10“10 changed by less than 107o 
during each subsequent time step. We used the same 
fully imphcit method in solving the various differential 
equations as was outlined in Paper I. As a test of the 
accuracy of our solutions we varied our choice of 
initial time step and found no difference in our results. 

III. DISCUSSION AND RESULTS 

Our results are displayed in Figures 2-5. In Figure 2 
and Figure 4 the scales are mass fractions of the 
isotopes versus temperature. These plots indicate the 
variation in the isotopic abundances in the intershell 
convection zone as matter is convected downward 
from the hydrogen shell to the helium shell. The tem- 
perature scale represents the run of temperature from 
the hydrogen shell at T £ 80 x 106 K to the helium 
shell at T ä 300 x 106 K. The temperature scale is 
also analogous to a time scale since we are following 
matter as it is mixed downward (i.e., to higher tem- 
peratures) at a constant velocity of %vc. When the 
intershell region has been completely mixed, the iso- 
topic abundances throughout the convective region 

Fig. 3.—This illustrates the case where 10"3i?p of matter is 
continuously mixed into the intershell region in 10 separate 
injections of 10~4//p. The final abundance of every isotope is 
plotted after each \0~^HV has been completely mixed into the 
intershell region. The 4He mass fraction was essentially con- 
stant throughout the mixing time-period, and thus it was not 
plotted in the figure. 

will be essentially the same as they are at the edge of 
the helium shell (i.e., the right-hand side of Figs. 2 and 
5). We showed previously that the time for matter to be 
convected from the hydrogen shell to the helium shell, 
rd, was approximately 7.2 x 104 s. Since the intershell 
convection zone in an intermediate-mass star (M = 
6 M0) will exist for approximately 100 years after the 
peak of the helium shell flash (Christy-Sackmann and 
Paczynski 1975), the intershell region will be com- 
pletely mixed long before the convective zone dis- 
appears. 
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Fig. 4.—The variations in the isotopic mass fractions that 
occur in the intershell convective region when 10" 2HP (ä 2.7 x 
10“6 M0) of hydrogen-rich matter is mixed into the intershell 
region. The matter is first convected from the hydrogen shell 
down to T ä 108 K. At this point the hydrogen-rich matter was 
burned in a thin shell that split the convective zone. After the 
luminosity due to hydrogen burning dropped to less than 
103 Lq (in 1.7 x 105 s) the matter was then diffused down to the 
helium shell in the same manner that was used for the diffusion 
of 10~3HP. 

a) Rapid Mixing 0/10“ 3 Pressure Scale Heights 

Figure 2 illustrates the case where 10“3 of a pressure 
scale height of matter is mixed into the intershell 
region. In our case \0~*HV £ 3 x 10“7 M0. This is 
approximately the mass of hydrogen that Schwarzs- 
child and Härm (1967) found was mixed into the inter- 
shell region of a 1 M0 star during one helium shell 
flash cycle (~107 s). The intershell region is initially 
composed of 4He = 0.78, 12C = 0.2, and 160 = 0.02 
by mass, and the matter mixed in is essentially solar 
{X = 0.75 and Y = 0.23), with the remaining 2% of 
heavy elements in the form of 14N. As shown in Figure 
2, hydrogen is rapidly burned while the CNO isotopes 
13C, 14N, and 170 are quickly enhanced. This buildup 
of isotopes is typical of CNO cycle hydrogen burning. 
The initial drop in the 14N abundance is due to the 
dilution of 14N as it is mixed downward. The subse- 
quent buildup in the 14N mass fraction is again typical 
of CNO burning and results from the slow reaction 
rate (i.e., large r) for the 14N(p, y)150 reaction. 

It should be noted that at various times during this 
high-temperature burning some radioactive isotopes 

Fig. 5.—This illustrates the case where 10_2//p of matter is 
continuously mixed into the intershell region in 10 separate 
mixings of 10“3/7p. The final abundance of every isotope is 
plotted after each 10“3/fp has been completely mixed into the 
intershell region. The 4He mass fraction was essentially con- 
stant throughout the mixing time-period, and thus it was not 
plotted in the figure. 

are more abundant than some stable isotopes. The 
abundances of the isotopes (except 14C) plotted in 
Figures 2-5 are obtained by letting the radioactive 
nuclei ß+-decay to the stable isotopes. These ß+ decays 
take place on time scales of seconds. The radioactive 
isotope 14C, which ß-decays to 14N, has a half-life of 
5730 years and was plotted separately. 

At temperatures above 240 x 106 K the isotopic 
abundances begin to change rapidly as illustrated in 
Figure 2. At these high temperatures the 13C(cc, h)160 
reaction becomes the most important neutron produc- 
ing reaction. This reaction is responsible for depressing 
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the 13C abundance and building up the 160 abundance. 
The neutrons that are produced are then captured by 
the neutron poison 14N in the reaction 14N(w,p)14C. 
This accounts for the dramatic rise in the 14C abun- 
dance. By the time the helium shell is reached, the 
14N abundance has begun to drop drastically so it no 
longer can act as a neutron sink. At this point 13N(w, 
p)13C becomes the most important neutron poison. 
The importance of this reaction in capturing neutrons 
has been pointed out by Despain (1975). Shortly after 
the 14N abundance drops, the 13N abundance (not 
shown on the graphs) begins to drop and 12C(w, y)13C 
becomes an important neutron-capture reaction. Since 
the 12C abundance will never drop to very low values 
(as it is being produced in the helium shell) in the 
intershell region, the 12C(«, y)13C reaction remains an 
important neutron sink even at very high temperatures. 

Figure 2 also illustrates an enhancement of 170 in 
the high-temperature region near the helium burning 
shell. Observations of enhanced 170 have been re- 
ported for the carbon star IRC 10216 (Rank, Geballe, 
and Wolman 1974), and we feel that this is strong 
evidence that 170 is being synthesized in red giants. 
We have already noted in Paper I that we expect a 
buildup of 170 in high-temperature burning regions 
typical of evolved red giants. It has also been 
pointed out that 170 may be enhanced during low- 
temperature (i.e., T < 108 K) CNO cycle hydrogen 
burning (Rolfs and Rodney 1974; Dearborn and 
Schramm 1974). In Paper I, however, we only treated 
high-temperature static burning. In the present case, 
where we are simulating mixing in red giants, we still 
find an enhancement of 170. Once the 170 is produced 
in the intershell region, it can then be mixed out into 
the convective envelope during the phase following a 
shell flash when the convective envelope penetrates 
the intershell region (Iben 1975). Eventually this pro- 
cessed material can be expelled in a shell surrounding 
the star. We feel that this is a plausible explanation of 
the observations of enhanced 170 IRC 10216. 

The buildup of 170 in the interior as shown in 
Figure 2 results mainly from the ieO(p, y)17F(j8+v)170 
reaction. The ieO(«, y)170 reaction is not as important 
in this case. The uncertainties in the nuclear reaction 
rates (the 6 parameters) seem to affect the 170 abun- 
dance more than any other isotope. We first noted this 
in Paper I. In Figure 2 we have set all the 0’s (0 to 1 
terms) equal to zero. By setting all the 6 parameters 
equal to one, the 170 abundance will be down by 
approximately 5% from the values shown in Figure 2. 
All of the other isotopes are essentially unchanged no 
matter what values are chosen for these uncertain 
nuclear reaction rates. The 180 abundance shown in 
Figure 2 is due to the 14N(a, y)18F(j8+v)180 and 
170(p, y)18F(j3+v)180 reactions. The 14C(a, y)lsO reac- 
tion rate listed by Wagoner (1969) does not contribute 
greatly to 180 production in our case. 

b) Continuous Mixing of 10-3 Pressure Scale Heights 

Even though the mass of the hydrogen mixed into the 
intershell region illustrated in Figure 2 was the same 
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amount used in the stellar model calculations of 
Sweigart (1974), our rate of hydrogen mixing was faster 
than he assumed. To determine what differences this 
mixing rate would have on the isotopic abundances, we 
have attempted to simulate continuous mixing of hy- 
drogen into the intershell region. This kind of mixing 
might occur as a result of convective overshooting. 
We first mixed into the intershell region 

10“4//p(»3 x 10"8Afo) 

of essentially solar material from the envelope. We 
then let this matter become fully mixed throughout 
the intershell region (in ~ 105 s) and then mixed into 
the intershell region another 10-4//p of matter and 
allowed this matter to become fully mixed in the con- 
vective region. We repeated this process until we had 
mixed a total of 10“3 scale heights of matter into the 
intershell region. The results of this continuous mixing 
are shown in Figure 3, where we have plotted the final 
abundance of each isotope after each 10“4/7P has been 
mixed into the intershell region. We have included in 
Figure 3 some of the less abundant isotopes (14N, 15N, 
and n) not shown in Figure 2. In general the isotopic 
abundances obtained after mixing in 10 x 10 “47ip con- 
tinuously are roughly the same as in the case where we 
mix in \0~ZHP illustrated in Figure 2. 

The drop in 13C and buildup of ieO due to the 
13C(a, n)160 reaction (that was noted in Fig. 2) is again 
evident in Figure 3. The enhancement of 14C due to the 
14N(n, p)14C reaction is also again evident in the case 
of continuous mixing. The 170 abundance is also 
increasing as in Figure 2, and the 170 mass fraction is 
again much larger than the 180 mass fraction. The 15N 
abundance is quite low in Figure 3, although it is 
increasing gradually. The neutron abundance varies 
gradually reaching a peak mass fraction of 10“11. 

As shown in Figure 3, all except one of the isotopic 
abundances obtained by 10 separate mixings of 10“4JTP 
are within a factor of approximately 3 of the isotopic 
abundances obtained by mixing 10“3i/p into the inter- 
shell region. The exception is 170, and in the con- 
tinuous mixing approximation we find that the final 
170 abundance (after 10 separate mixings) is approxi- 
mately 5 times larger than the 10“3i7p case. The fact 
that the abundance of this isotope is even more 
enhanced in the case of continuous mixing is especially 
interesting in view of the observation of enhanced 170 
in IRC 10216. Also the fact that all of the other isotopic 
abundances obtained in the continuous mixing ap- 
proximation are within a factor of 3 of the abundances 
in the one-time mixing of 10“3i7p indicates the relative 
insensitivity of the isotopic abundances to the actual 
mixing approximation. 

c) Splitting of the Convective Zone 

Sweigart (1974) investigated the response of the 
intershell convective zone to different amounts of hy- 
drogen mixing in a 0.7 M© Population II star. Using 
the maximum amount of hydrogen that Schwarzschild 
and Härm (1967) found to be mixed into the intershell 
region (10“7 M0, which is approximately equal to our 
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case of 10“3i/p), Sweigart did not find any extension 
of the convective zone into the hydrogen shell. For a 
mixing rate of 10 times the rate of Schwarzschild and 
Härm, Sweigart again did not find any extension of the 
convective zone. He did, however, find evidence that 
this rate of hydrogen mixing might cause the convective 
zone to split into two separate convective regions 
separated by a thin radiative shell. We examined the 
effects of burning 2.7 x 10 " 6 M© (equal to 10 “ 2//p) of 
hydrogen in a thin shell separating the intershell con- 
vective region. We arbitrarily located the shell at T æ 
108 K, and the mass above the shell was approximately 
5 x 10“4 A/©. After the luminosity due to hydrogen 
burning dropped to less than 103 L© (in a time of 1.7 x 
105 s), we then diffused the matter down to the helium 
shell in the same manner that was used for the diffusion 
of 10“3/fp. (We chose a limiting luminosity of 103 L©, 
as this should be a lower limit to the luminosity due 
to the helium shell flash in the outer regions of the 
convective zone and this is consistent with the helium 
shell luminosity that Sweigart 1974 found at the outer 
edge of the convective zone when it was not split.) 
The results of this shell burning followed by diffusion 
are shown in Figure 4. 

We note that qualitatively the behavior of the 
isotopes in the case of shell burning followed by the 
diffusion of 10“2//p is the same as the diffusion of 
10“3//p illustrated in Figure 2. Again there is the rapid 
decline in the hydrogen abundance and the redistribu- 
tion of the CNO isotopes with a decrease in the 12C 
abundance while the abundances of 13C, 14N, 170, and 
15N are increasing. We also note the rapid drop in 
14N and the buildup of 14C along with a slight hydrogen 
increase at T ~ 280 x 106 K due to the 14N(h,/?)14C 
reaction. The neutrons are produced as in the earlier 
case by the 13C(a, h)160 reaction; and some, but not 
all, of this neutron flux is absorbed by the 12C(w, y)13C 
reaction which contributes to the decrease in 12C at 
T > 280 x 106 K. Quantitatively the isotopic abun- 
dances are different for the case of 10 “ 2HP and 10 “ 3HP. 
For example, Figure 4 indicates that the 14C mass 
fraction in the intershell region becomes larger than 
13C(~ 10“3), unlike the case of 10-3i/p. 

As in the case of 10~3HP diffusion, we find an 
enhancement of 170 in the case of the shell burning of 
10“2i/p. Unlike the former case, in the latter case we 
find a large enhancement of the mass fraction of 180 
in the intershell region; and in parts of the high- 
temperature regions above the helium shell the 180 
abundance is actually larger than the 170 abundance. 
In this particular mixing approximation, therefore, 
enhanced 180 can be produced and subsequently mixed 
outward into the convective envelope. 

It was clear from Figure 3 that, although the 15N 
abundance is initially small in the intershell region, it 
will increase with time. In the case where we mixed in a 
substantially larger amount of matter (10~2HP) we 
found a marked increase in the 15N abundance as 
shown in Figure 4. At the very high temperatures 
(T > 280 x 106 K) near the helium shell the 15N 
abundance begins to drop again, primarily due to the 
15N(p, a)12C reaction. 

d) Continuous Mixing of 10 2 Pressure Scale Heights 

To determine what variations in the isotopic abun- 
dances might occur as a result of using the shell- 
burning approximation we compared the results with 
the results obtained in the continuous mixing approxi- 
mation. Figure 5 indicates the results of mixing in 
10 x 10“3#p in the same manner as we mixed in 
10 x 10“4^p shown in Figure 3. We note the same 
general trends in both the shell burning of \0~2HP 
followed by diffusion and the continuous mixing and 
diffusion of 10 x 10“3//p. For instance, in both cases 
we see gradual depletions of 12C and 13C while 160, 
170, 14C, 180, and 15N gradually become enhanced. 
Quantitatively there are some differences in the final 
isotopic abundances due to the two different modes of 
mixing. We note that in both Figures 4 and 5 the 13C 
mass fraction is decreasing, but in the shell-burning 
case the 13C abundance is not as depressed as it is in 
the case of continuous mixing. The repeated injections 
of matter allow the 13C(a, w)160 reaction to deplete the 
final 13C mass fraction to a value approximately 8 
times smaller than the final 13C abundance in the shell- 
burning case. The concomitant buildup of 160 as 
shown in Figure 5 is slightly larger (~2.5 times) than 
in the shell-burning case. This ieO can then capture 
protons to form 17F which ß+-decays to 170. In the 
case of the shell burning though, by the time 160 has 
begun to be enhanced (T ^ 240 x 106 K) the hydrogen 
that was initially mixed into the intershell region has 
been drastically reduced. The hydrogen necessary for 
the 160(/?, y)170(ß+v) reaction is being supplied by the 
14N(«, p)14C reaction. We have a somewhat different 
case in continuous mixing. Each time hydrogen is 
mixed into the convective region it is rapidly depleted; 
but since hydrogen is being periodically injected into 
the intershell region, there is a new supply of hydrogen 
available for the enhanced 160 to capture. Thus we find 
the 170 abundance in the case of continuous mixing 
to be appreciably larger (a factor of approximately 20) 
than in the case of shell burning. More observations 
of 170 in evolved objects like IRC 10216 might help 
to differentiate between these two mixing models that 
give appreciably different results for the 170 isotope. 

It is also clear from Figures 4 and 5 that the final 
180 abundance is quite different for the two different 
mixing models. The 180 is primarily produced in both 
cases by the 14N(a, y)18F(ß+v)180 reaction, with a 
lesser contribution from the 170(/?, y)18F(j8+ï/)180 
reaction. In case of shell burning followed by diffusion 
the 14N abundance becomes enhanced and then 
becomes drastically depleted by burning at T7 > 280 x 
106 K. Before the 14N is burned, some of it is converted 
to 180. In the case of shell burning of 10“2i/p, the 14N 
abundance becomes enhanced to a very large mass 
fraction (~10"2) before becoming depleted. In the 
continuous mixing case, after the first \0~3HP has been 
mixed into the intershell region the 14N also becomes 
enhanced before being rapidly depleted at high tem- 
peratures. It is clear from Figure 3, however, that the 
14N abundance only reaches a peak mass fraction of 
approximately 10 “4. Furthermore, when the next 
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10“3//p is mixed in, the 14N abundance is quite low, 
as shown in Figure 5, and thus the 14N abundance in 
the continuous mixing model never approaches very 
large mass fractions. The net effect is that even though 
the 180 abundance is increasing with repeated mixing, 
the final 180 abundance is approximately a factor of 25 
less than the final 180 abundance in the shell-burning 
case. It is significant that we find enhanced 180 only 
in the case of a single injection of a relatively large 
amount of matter (~ 3 x 10" 6 M¿) into the intershell 
convective region. Clearly, observations of enhanced 
180 in evolved stars would restrict the number of 
plausible models for the mixing and nucleosynthesis 
occurring in red giants. 

e) Production of 14C 

Figures 2-5 clearly indicate a definite enhancement 
of 14C as a result of matter from the envelope being 
injected into the intershell region. As we have already 
pointed out, the 14C results from neutron capture on 
14N and the neutrons are produced by the 13C(a, h)160 
reaction. For our run of temperatures and densities the 
22Ne(a, «)25Mg reaction does not appreciably contrib- 
ute to neutron production. Also we found no appreci- 
able buildup of 14C due to static hydrogen shell 
burning that occurs in evolved stars. Iben (1975) has 
shown that the hydrogen shell in a 7 M© red giant 
evolving through the double-shell phase of evolution 
has a temperature of approximately 85 x 106 K. 
Using this temperature, a density of 102 g cm"3, and 
an evolutionary time scale of 106 years, we found a 
maximum 14C mass fraction of only 7 x 10"7 in the 
burning region. 

For the case where we mixed in \0~2HP of matter 
(illustrated in Figs. 4 and 5) the 14C abundance is 
larger than the 13C abundance by the time matter has 
mixed into the region just above the helium shell. We 
assume that for convective mixing these abundances 
will be found throughout the intershell region. Thus 
an upper limit to the amount of 14C produced when 
10" 2//p of matter is injected between the two shells is 
given by 

M(14C) ä 10"3 x 0.007 Mq = 1 x 10"6 M© . 

As we noted previously, the final 13C intershell abun- 
dance varies somewhat, depending on the actual 
mixing approximation. If we assume a rough average 
(Xi3c # 5 x 10'4) for the two cases shown in Figures 
4 and 5, then the maximum 13C in the intershell region 
after 10~2HP has been mixed in and burned will be 
~3.5 x 10"6Af©, and the mass of 12C will be 
approximately 7 x 10'4M©. 

Iben (1975) has shown that it is possible for the 
base of the convective envelope to extend into the 
intershell region (after the convective zone has dis- 
appeared) and convect processed matter out into the 
envelope. This synthesized matter will obviously then 
be diluted. In the case of an intermediate mass star of 
5-7 Mq with a 1 MQ core, mass loss may occur in an 
advanced evolutionary stage. If the star has evolved to 

the point where the envelope contains 1 MQ of roughly 
solar composition, then the mass of 13C and 12C in 
that envelope will be M(13C) ä 5.6 x 10"6 M© and 
M(12C) x 4.5 x 10"3 M©, respectively. (Clearly these 
numbers are approximate since earlier CNO processing 
in the hydrogen shell might have produced some vari- 
ations from the solar 12C and 13C values in the 
envelope.) The ratio of 13C/14C and 12C/14C in the 
envelope depends on how much of the intershell region 
is convected outward into the envelope. Stellar model 
calculations (Iben 1975; Christy-Sackmann 1976) indi- 
cate that a substantial fraction of the intershell region 
~30% by mass) is convected into the red giant en- 
velope between helium shell flashes. It follows that 
the 14C/13C ratio in a red giant envelope of 1 Af© 
should approach an upper limit of ~0.1. The ratio of 
14C/13C could be even more favorable if the mass of the 
envelope was smaller than 1 M© when the intershell 
material was mixed outward. It should also be noted 
that this process would allow some enrichment of the 
12C in the envelope. 

Even if substantially smaller fractions of the inter- 
shell region ended up in the envelope, 14C might still 
be observable in very evolved stars. At present an 
upper limit of (H14CN/H13CN) < 1/26 has been 
measured in the carbon star IRC 10216 (Kuiper et al. 
1976). With improvements in the receiver and a larger 
telescope (assuming the size of the HCN source is not 
greatly extended) the upper limit of 14C detection using 
millimeter observations might eventually be H14CN/ 
H13CN ^ 1/500 (Zuckerman 1976). Observations to 
detect 14C in objects like IRC 10216 using millimeter 
observations and infrared observations of the 2fim 
14C160 bands could provide new insight into how the 
burning and mixing processes are occurring in red 
giants. 

In making our calculations we have neglected the 
effects of («, y) reactions on heavier elements such as 
56Fe. Even though the cross section for the 
56Fe(«, y)57Fe reaction, as listed by Woosley et al. 
(1975), is approximately 9 times larger than the cross 
section for the 14N(«,/?)14C reaction (FCZII), the 14N 
abundance is much greater than iron in the matter 
convected into the intershell region. This follows from 
our assumption that virtually all of the 12C and 160 
above the hydrogen shell are in the form of 14N as a 
result of CNO processing. Since the nuclear rate equa- 
tions are governed by the product of the cross sections 
and the abundances, the relative contribution of the 
56Fe(ft, y)57Fe reaction is less than the relative contri- 
bution of 14N(h, p)14C. Thus our results are not 
significantly affected by the neglect of («, y) reactions 
on 56Fe. 

We should also note that for a 1 M© core, one might 
expect the intershell region to have a mass of only 
1.8 x 10"3Af© (Paczynski 1975). This would imply 
that our intershell mass was a factor of 3.9 times too 
large. However, significantly larger intershell masses 
are predicted for even slightly smaller core masses 
(e.g., 0.9 A/©). The use of a slightly smaller core mass 
would have very little effect on our calculated abun- 
dances, and would in fact seem to imply luminosities 
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that are in agreement with recent observations (Feast, 
Catchpole, and Glass 1976). 

Finally we want to emphasize that our calculated 
ratios of 14C/13C are based on dilution in a 1 M© 
envelope. Stellar evolutionary studies and observations 
have indicated that evolved stars lose mass and there 
may be even less mass in the envelope when 14C (and 
other isotopes) are mixed outward. Thus there may be 
even less dilution than we have assumed. 

/) The i-Process 

As we mentioned earlier, the large enhancement of 
14C in our models results from the 14N(h, p)14C reac- 
tion and the neutrons are principally produced by the 
13C(a, /z)160 reaction. Once the 14N abundance begins 
to drop, the neutron flux increases; and even though 
there are other neutron poisons around [such as 
13N(n, p)13C and 12C(w, y)13C], the neutron flux is not 
completely quenched. We have recorded in detail the 
neutron abundance as a function of temperature and 
time. The neutron mass fraction was initially set equal 
to zero. By the time matter is mixed down to the helium 
shell (f = 7.2 x 104 s), the neutron mass fraction was 
between 3 x 10"12 and 10"10, depending on how 
much matter (between 10"4 and 10~2i/p) was mixed 
into the intershell region. (The maximum neutron mass 
fraction for the shell burning of 10~2//p was approxi- 
mately 10"10, although it is not plotted in Fig. 4). 
The neutron mass fraction is plotted in Figures 3 and 5 
for the continuous mixing models. The neutron mass 
fraction as seen from the graphs varies between 3 x 
10"12 and 10"10. The time scale, however, for the 
continuous mixing cases is 10 times longer (i.e., 7.2 x 
105 s) than the diffusion time for the mixing of 10"3i7p 
shown in Figure 2. Since the neutron number density 
Nn is given by 

Nn = PNAXn9 (7) 

where Xn is the neutron mass fraction, and since near 
the helium shell the density p £ 1-2 x 103gcm"3, 
we find 

iVn ~ 1015-1017cm-3. (8) 

According to Clayton (1968) the approximate number 
density of neutrons required for the ¿■-process is Nn # 
105 cm"3, while for the r-process Nn ä 1023 cm"3 is 
required. It is clear that our computed neutron number 
densities fall between these two values. Recent work 
by Blake and Schramm (1975) has shown that the 
neutron flux required for the ¿■-process is Fn æ 1015- 
1016 cm"2 s"1 (or Nn x 2 x 107 cm“3). If we assume 
a thermal velocity 

vth = (IkT/m)112 x 108 cm s"1, (9) 

where m is the mass of the neutron and T ~ 108 K, 
then our maximum neutron flux is given by 

Fn = Nnvth x 1023-1025 cm"2 s"1. (10) 

Again this flux is many orders of magnitude larger than 

what Blake and Schramm (1975) find is required for 
¿-process nucleosynthesis. Thus it appears that our 
values for the neutron flux would allow some form of 
intermediate neutron process (/-process). 

The maximum rate of neutron production in our 
models is roughly 1016 cm " 3 in ~ 3 x 102 s or approxi- 
mately 1014cm“3s"1, and this maximum rate con- 
tinues over periods of several thousand seconds in the 
high-temperature regions above the helium shell. Figure 
5 indicates, though, that the mass fraction of neutrons 
in the intershell region remains high over approxi- 
mately 106 s (i.e., 10 diffusion time periods). Although 
we have not followed the neutron production beyond 
this time, it is reasonable to assume that neutron 
synthesis will continue via the 13C(a, w)160 reaction in 
the 10-100 years that the intershell convective zone 
exists. Since this zone may reappear every 5,000- 
30,000 years, this neutron production process could 
provide ample neutrons for nucleosynthesis. Thus we 
suggest that there may be an intermediate neutron 
process as well as a slow and rapid process. Perhaps 
this /-process could produce many of the elements 
identified as ¿-process elements and perhaps some of 
the elements that are thought to be produced by a 
combination of ¿- and r-processes. 

Recently Blake and Schramm (1976) have suggested 
an alternative neutron process that might produce 
elements identified as r-process elements. They suggest 
that novae and supernovae would be possible sites for 
such a process and the conditions required would be 
less extreme than normally required for the r-process. 
Our calculated neutron number densities are within a 
factor of several hundred of the number densities that 
Blake and Schramm (1976) predict to be sufficient to 
reproduce the calculated abundances of the heavy 
elements with an ^4 of 160-290. It is conceivable that 
red giants with somewhat more extreme conditions 
than the ones we have used might produce neutron 
number densities that are a factor of several hundred 
higher than our calculated number densities. If that is 
the case, perhaps a number of r-process elements could 
be synthesized in certain red giants. 

Because the neutron number densities that we have 
estimated for the /-process (1015-1017 cm"3) are 
significantly lower than those chosen by Blake and 
Schramm (1976), calculations of heavy-element abun- 
dances peaks produced by neutrons in the intershell 
convective zone may lie between the ¿- and r-process 
abundance peaks observed in solar system material. 
Future calculations may be able to place limits on the 
amount of such /-processed material that can be 
ejected from stars. 

IV. CONCLUSIONS 

We have examined several cases where various 
amounts of hydrogen-rich material are mixed into the 
intershell convective zone. We conclude the following: 

1. Neutron capture on 14N via the 14N(w,/?)14Cl 
reaction will produce relatively large amounts of 14U 
in the intershell region. When 10~2HP of matter from 
the hydrogen shell is mixed into the convective zone, 
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the 14C mass fraction will become 10“3. If substantial 
portions of this intershell region are mixed out into the 
1 Mo envelope of a red giant, the ratio of 14C/13C 
should approach 0.1. For a smaller mass envelope the 
dilution factor will consequently be less and the 
14C/13C ratio will be larger. Thus 14C may be detect- 
able in evolved stars such as carbon stars by millimeter 
or infrared observations. 

2. An intermediate neutron process (/-process) may 
operate in evolved red giants. We find a neutron num- 
ber density of ~ 1015-1017 cm“3 and a flux of ~ 1023- 
1025 cm“2 s“1. The neutrons are principally produced 
by the 13C(a, «)ieO reaction. 

3. In all cases studied we find substantial enhance- 
ments of 170. These mixing models offer a plausible 
explanation of the observations of enhanced 170 in 
IRC 10216. 

4. If relatively large amounts of matter (> 10“2//p) 
are rapidly mixed into the intershell region, significant 
enhancements of 180 and 15N will occur. In some 
instances 180 will be more abundant than 170 in the 
intershell convective region. Observations of enhanced 
180 or 15N in evolved stars would restrict the number 
of plausible models for the mixing and nucleosynthesis 
occurring in red giants. 
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Note added in proof.—Recent measurements of IRC 10216 by T. G. Barnes, R. Beer, K. H. Hinkle, and D. L. 
Lambert (preprint 1976) confirm that the 170 abundance is enhanced but indicate an isotopic abundance ratio 
12C/14C ^ 104. H. Norgaard (preprint 1976) has recently pointed out that several important reactions in the study 
of high-temperature CNO cycle burning involve unstable nuclei whose cross sections have not been measured 
experimentally. The production of mass 18 nuclei is particularly sensitive to the rates of the reactions 18F(p, a)150 
and 18F(p, y)19Ne. It follows that the abundance of 180 need not be enhanced by hot CNO cycle burning as indi- 
cated by the calculations of Cowan and Rose (1975). Moreover, the abundances of 180 calculated in this paper 
may also be too high. 
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