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Abstract

Thermonuclear reaction rates are calculated for three oxygen isotopes *****°Q in
CNO cycles reactions occurring in red giant stars. These reactions are:'°F(p, )0,
15N(p, ]/)160, 14N(p, ]/)150 , 18F(p, a)150, 13N(p, ]/)140, 150(@’, ]/)19Ne and
160(p, y)'"F. Reaction rates have been calculated using MATLAB codes, and related
comparisons were made with NACRE Il and Reaclib libraries, and the ratios of
production to the destruction of ***°0 isotopes were found. Present reaction rate
results were close to most of the selected reactions, and in some cases larger with a
factor of 1-3. **°0 production to destruction ratios indicated a special tendency to
saturate at temperatures higher than ~ 2 GK, and these ratios were in general larger
than 1 indicating an excess of producing such isotopes in red giant stars.

Keywords: Nucleosynthesis, Astrophysics, Nuclear Physics, CNO Cycle, Reaction
Rates, Stellar Physics
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1. Introduction

Oxygen isotopes play a major role in the Carbon-Nitrogen-Oxygen (CNO)
thermonuclear cycle which ignites in stars with masses M > 1.5 to 2 Solar Mass (Mg), and
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temperature threshold starting at about 1.5x10° K [1]. Such stars can vary in their properties
to include many types, including red giants. CNO catalytic cycle, along with the proton-
proton fusion (pp-chain) are the two main sources of power in most stars. CNO cycle is based
on many sub-reaction processes or branches, that contain particle radiative capture, of which
proton capture is dominant in light isotopes production. Many proton-radiative capture
reactions are responsible for light element production in stars, such as the intense (p, a) and
less competitive (p, y) reactions.

There are many reactions in the CNO cycle where O isotopes are produced or destroyed.
This creates a competition among production and destruction reactions, leading to a key factor
in the overall reaction rate of the whole cycle [2]. Nuclear reaction rate represents a unigque
physical quantity to measure the productivity of a certain nuclear stellar reaction. Many
references discuss its calculation in details [3] [4]. Furthermore, there are two famous libraries
used to compare reaction rate calculations, namely BRUSLIB [5], NACRE Il [6] .

In this paper, we aim to determine the compatibility between a few related reactions
leading to production and destruction of 14,15,160 isotopes by means of the reaction rates of
charged particle capture processes, only in the cold and hot CNO cycles. Such comparison
will be taken for stellar conditions, especially Red Giant stars (RG). The reason behind
choosing RG stars in relation to all O isotopes is their importance in many cosmologically-
related nucleosynthesis phenomena such as H20 and dust grain production. Calculations will
be performed using written MATLAB codes. Comparison data will also be used from
NACRE Il Library, as well as in other available sources. This research has important
contribution to the evaluation of production and destruction of O isotopes in stars when
comparing similar reactions with standard reaction rate libraries [5, 6].

2. Theory
2.1. Reaction Rates

In stellar environment, instead of using the cross-section for studying various reactions,
it’s preferred to use the reactivity, or reaction rates Ny(ov) of the reactants. It’s the product
of relevant cross section times the Maxwellian-Averaged, thermally distributed velocity [7].
For the detailed theory of reaction rate calculation, we refer to the theory reviewed from the
literature by Ali [3,4] and Selman [8]. N,(ov) is found basically from

Ny(ov) = /% f S(E) eler2m®)] 4 (1)
0

where u,n,T and k are the reduced mass, Sommerfeld parameter, temperature, and
Boltzmann constant, respectively. Eq.(1) is written in terms of the Astrophysical
Spectroscopic S-Factor, S(E), instead of the cross section since the latter strongly depends on
the reaction energy for most reactions. S-factor is given for various reactions, however, at
effective stellar temperatures, it’s more practical to introduce the Effective S-Factor, Se, [7]
into Eq.(2)

_ 548 35 S (g2 48
Serr=S[1+—=+3 (Eo +2kT) +2 (EO + 2 EokT) ] (MeV.b)  (2)
where 7 is a dimensionless correction parameter given as 7 = jki; = 4.248(Z%Z2u/
T4)*/3. The final form of the non-resonant reaction rate is [8]
N )_4.34><1085 - 3
a\ov) = 07,7, eff T°€ 3)
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In Eq. (2), T is a numeric factor that relates to atomic numbers of target and projectile [4],
and the values of the S-factor are taken as derivatives with respect to time. Z; and Z, are the
atomic number of the projectile, and target partiles, respectively. Few other modifications
could be considered when substituting Eq. (2) into Eq. (1) such as screening effects and non-
symmetry of the Gamow window [3,8], but these modifications shall be ignored in this
research.

2.2 Charged-Particles Capture

Thermonuclear reactions are known to produce various isotopes to the iron threshold.
Above that, particle radiative capture is thought to be responsible of producing heavier
elements [3]. However, even in light mass range, particle capture can significantly contribute
in the production of many isotopes, some of which re-enter thermonuclear reactions again.
Particle capture can occur via charged (protons, alphas, ... etc.) and/or uncharged projectiles
(neutrons mainly); where at low energies, the former considerably suffers from the Coulomb
barrier and the latter from resonances. In the present work we shall focus on charged particle
capture processes participating in various reactions where O isotopes are involved in the exit
channel.

Previous studies in this course showed few discrepancies in relation to evaluated reaction
rates. Charged particles reactions at stellar energies E < 350 keV can undergo through few
reaction channels according to their incident energy and target nucleus structure, those can be
classified into three major regions: non-resonance, narrow, and broad resonances [7]. For
non-resonance and broad resonance regions, Eq. (1) can be numerically integrated to find the
reaction rates. Indeed, such calculations are made and found in many nuclear libraries, such as
NACRE Il [6]. At narrow resonances, the calculation becomes difficult since many peaks will
interfere due to the minor but many contributions of Coulomb energies, thus the total
estimation of theoretical values deviates from experimental ones [9], [10]. Instead, in such
regions, other precise methods are followed, such as Hauser-Feshbach model [11] or the
recent modified potential cluster model [1]. All such models are tested against experimentally
established reaction rates, and such comparisons with experimental data were sought since the
famous beginning of theoretical calculation by Fowler et al. [12].

2.3. The Role of O Isotopes in Red Giant Stars

Considering the total reaction rate for O isotopes’ reactions can indicate how the overall
strength of the CNO cycle can be, thus determining the total energy production of a star —
hence most of its properties such as luminosity, composition and life. Almost all oxygen
isotopes 111017180 yndergo various capture and decay reactions in CNO cycle [2, 10-12].
The most effective sub-cycles are **"1%0. The isotope °O also has significance in CNO
cycles since it provides a branching point between various reactions, while **O isotope is the
less effective among O isotopes— see below.

2.4. Cycles of 1*1"80 Isotopes

They are part of the main CNO cycle that lie within hot and cold CNO branches. These
cycles were first proposed [9,12,13] to explain how different isotopes are produced during
thermonuclear reactions and highly depend on N and O target nuclei, hence they were first
labeled the NO cycle. Below a list of ***’0 isotopes in NO cycles initially proposed [13]:

10, MYF (B*) 0, )**N(p, )0 (B*v)**N(p,y)*°0  (**Ocycle) (4)
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70(p,y)'8F (B*v)*B0(p, 2)**N(p,y)*®0(p,y) "F(B*v)'’0 (0 cycle) (5)

A third possibility is the *°0 cycle:

180(p, ) F(p, 0)*°0(p, Y)Y"F(B*Vv) 0(p, )8 F(B*v) 180 (*80 cycle) (6)

Now it is well known that such cycles are part of a greater scheme in CNO process. There
are one or more paths for each isotope as shown below in Figure (1) for cold CNO, and
Figure (3) for hot CNO cycles. In all possible cycles, when alpha emission from *°0 isotope is
faster than the particle capture process, the total reaction will suffer from low reactivity. In
such case the less abundant °0 isotope will scatter over the whole CNO cycle. *°O isotope
also has another key role because the reaction *>N(p,¥)'®0 is the main branching point
between cold and hot CNO cycles [14].

(pyy) “N (p,a1) (pyy)

(p,a) (p.y)

ERY I

-

ST
(n,3)

(p,)
Figure 1: Cold CNO cycle, reproduced from [13].

2.5. Importance of **O Isotope

Although it is rare and has less effect than main cycles, *O isotope is thought to produce
mainly in hot CNO cycle from carbon burning in the stellar core at temperature around
2.0x10% K from the reaction 3N(p,y)'*0. The product is unstable against beta-decay with
half-life 70.2 s [15] resulting in **N isotope. However, when **O abundancy increases and
temperature rises to more than 3.8x10°® K, other reactions will start that add new isotopes to
stellar environment, such as *'F isotope from 40(a, p)*”F [13]. It is known that F isotopes
are the rarest in the universe [8]; therefore, **O isotope has a very unique part in chemical
nucleosynthesis process in the universe.

3. Samples, Calculations, Results and Discussions
3.1. Samples and Input

Next, we shall consider the most important reactions mainly responsible of producing and
destroying of 14,15,160 isotopes. From Eq.s (4,5,6) and Figures (1,2), we can see there are
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many reactions in CNO cycles where O isotopes are involved. From these, we select the
following reactions for their significance -also see Table (1) below:

1. Producing reactions: (_ “"19)F (p,a)*16 O, (_~15N (p,y)*16 O, (_ *"14)N (p,y)*15 O,(_
AM8)F (p,a)*15 O, and (_ “3)N (p,y)"14 O.

2. Destroying reactions: (_ ~16)O (p,y)*17 F, and (_ *15)O (0,y)"19 Ne.

The reaction (_ *15)O (a,y)*19 Ne, although included in Figure (2), but it’s thought to
occur in explosive conditions such as X-ray bursts and supernovae [18]. Other reactions will
be left for further investigation, including (_ *18)O (p,a0)*15 N,(_ ~( 18))O (a,y)*22 Ne
(negligible [13]), (_ *17)O (p,) 14 N,(_ *12)C (a,y)*16 O, (_ *13)C (0,n)*16 O, (_ ~14)N
(o,y) M8 F(BA+ v)M8 O, and (_ *16)0O (a,y)"20 Ne.

3.2. Reaction Rates Calculation

A few MATLAB codes have been written to calculate reaction rates in this research without
resonance using Eqgs.(1, 2 and 3) and data from Table (1). The main code first finds the
effective S-factor and then performs the detailed calculations. It should be noted that S and S
are usually much lower than S(0), hence they are usually ignored in such calculations [16].
Physical input parameters were taken as found in the literature [3,5,6,8,16] for each sample
reaction. The maximum temperature was fixed at T=10 GK (or Ty=10) for all reactions. Some
of the calculated reaction rates values were compared with those available in NACRE 11 [6].
Otherwise, it was mentioned the type of confidence made for accepting the results. During
each calculation, the resultant values of effective S-factor and = were plotted. An example is
shown in Figure (3) for the reaction *N(p,y)*°0. Below are the results of chosen reactions
in the present research.

p,o)

170

(p,or) (pyy)

Figure 2: Hot CNO cycle, reproduced from [13]. Note how 140 and 18N go through (p, [1)
reaction and then suffer from B+ decay to create sub-branching points in the cycle. Also note
the production of Na-Ne isotopes occur outside the CNO cycle.
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Table 1: Calculated Q-values of ***>*°0 isotopes in the hot and cold CNO cycles, at E;4,=0.3
MeV selected from [17]. Also S(0) values from literature are listed.

eaction (ORVEI:] S(0) keV.b Reference Remarks
(MeV)

2.40x10* [10] and [16] Production, hot CNO only.

12.12 36.0 [2] Production, hot CNO only. This
39.6 [14] is the main branching point
64.0 [18] between hot and cold CNO.
7.29 3.20 [18] Production, hot and cold CNO.
1.77 [19] This is the slowest in cold CNO.
2.88 2.40 [16] Production, hot CNO only.
4.62 =5 [1] Production, hot CNO only.
0.60 4.0 [10] Destruction, hot and cold CNO.
9.30 [18] This reaction is competing with
the branch
17F(p; .y)18N(B+ V)lsF.
3.52 2x10* [10] and [16] Destruction, hot CNO only.

Rapid rp process occur in cycles
during explosive conditions [16].

3.2.1. Reaction °F (p, a)¢0

Figure (4) shows the reaction rates calculation in the present work for this reaction. For
comparison, theoretical data for the reaction is found in Angulo et al. [18] and Indelicato et al.
[20] in formulated relation and it was re-calculated and used for comparison with the present
results. Present values are generally lower than both references. However, it was mentioned
[18] that there was some debate about the values of reaction rates for this reaction due to the
variance in thermal energy, thus few factorization techniques had been adopted. In this
research there has been no factorizing for the calculated values. Also there was uncertainty in
determining the value of S(0) due to scattered resonance at low energies (less than 160 keV)
that made large difference between reactions from Angulo et al. [18] and Indelicato et al. [20]
to reach to a factor of about 5. Data from Angulo et al. were calculated from the formula
found in [18] and those of Indelicato et al. from Eq.(14) in [20].

For this reaction, a power curve fitting was made for the present results. Few relations
have been tried, and we think the best result was the power relation for this reaction as well as
the rest. The present curve fitting gave the following formula

N_A (ov)_=8.555x[10]"5 T_92.384-2.856x[10]"4 )

The goodness of this fit as all the others was R>98%, which gave a good confidence.
Another reason that we chose to make the present curve fitting is for the sake of further
comparison between the results of production rates and destruction calculations which will be
given in Section 3.3. The obvious benefit of Eq. (7) is to make a comparison with other
calculations much easier than to calculate Eq.(1 through 4). The better the goodness of this fit,
the more reliable it would be.
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Temperature, Ty
Figure 3: An example of the present calculations for the effective S-factor and t values for
the reaction**N(p, y)*°0.

3.2.2. Reaction 0 (p,y)Y’F
In the Figure (5), the present calculation results are shown, and a comparison with the
theoretical data from Angulo et al. [18]. Data from [18] was re-calculated and used for
comparison with the present results. Two formulas were listed by Angulo et al. as shown in
the figure, one for the ground state, and the other for the first excited state. This reaction has
resonances at high energies, 2.53 MeV and 3.55 MeV, thus at lower energies data were
consistent with the present calculations for the ground state (green dotted line in the figure).
The value of S(0) was taken as 4.00 [10]. For this reaction, the curve fitting gave the
following formula
Ny{ov) = 2.702 x 105TZ158 — 6.472 x 10° (8)

3.2.3. Reaction8F (p, a)*°0
From the Figure (6), the comparison with other data is shown. The data found in [16] was
also in a formulated relation and it was re-calculated in this research and used for comparison
with the present results. Generally, the present results were lower than lllidis et al. [16] at low
energies and higher at higher energies, but statistics showed that the difference is ~ 10%.
Curve fitting of reaction rates in this case gives:
Ny(ov) = 1.491 x 10°TZ381 — 4,56 x 10° 9)
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Z0=1, Z1=9 and reaction type 1°F(p,a)'%0.
10 ; ; : : : : r ; i

Theory

—&— Indelicato Rates

Reaction Rate (log scale) in (MeV.h)

3 4 5 B 7 8 9 10
Temperature, T9

Figure 4: Reaction rate values vs. temperature for the reaction °F(p, a)°0 (solid blue line)
compared with those of Indelicato et al. [20] (red dotted line) and Angulo et al. [18] (green
dotted line).

Z0=1, Z1=8 and reaction type 160(p,7]"F.

Reaction Rate (log scale) in (MeV.b)

— Theaory
—&%— Angulo 1 Rates
-— Angulo 2 Rates

10' 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 B 7 8 9 10

Temperature, Ts

Figure 5: Reaction rate values vs. temperature for the reaction °0(p,y)’F (solid blue line)
compared with those of Angulo et al. [18] (red and green dotted lines)

3.2.4. Reaction >N (p,y)*¢0

Figure (7) shows the reaction rates calculation in the present work for this reaction.
Experimental data for the reaction were found in NACRE Il library and it was used for
comparison with the present results. This reaction has resonance to about energy 2.3 MeV
above, and it is usually assumed that the S-factor is constant [18]. The adopted value of the S-
factor in the present calculation was as in ref. [3], S(0)= 36 keV. The differences with present
results were of about a factor 2 .
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In the cold CNO cycle, this reaction has two distinctive features [2]: (1) will cause the
breakout from cold cycle, and (2) it is the main energy supply from this cycle. For this
reaction the best result for curve fitting is

Ny(ov) = 2.188 x 103Tg-??° — 3.811 x 103 (10)
3.2.5. Reaction 3N (p,y)*0
Figure (8) gives the calculated reaction rates in the present work and their comparison with
experimental data as found in NACRE Il library [6]. A very good match is seen at T¢>0.2 in
this example. In this reaction, power curve fitting formula is as follows:

N,(ov) = 2.287 x 105T1921 — 3.492 x 10° (11)

Z0=1, Z1=9 and reaction type 18F(p,u.)150.

Theory
—%— lliadis Rates | |
—&— lliadis, low
lliadis, high

1 1 1 1 1 1 1 1 1

1 2 3 4 5 5 7 8 9 10
Temperature, Ts

Reaction Rate {log scale) in (MeV.h)

Figure 6: Reaction rate values vs. temperature for the reaction 8F(p, )0 (solid blue line)
compared with those of Illiadis et al. [16] (dotted lines).

Z0=1, Z1=7 and reaction type "*N(p,7)"°0.

10 T T . —— v <

A v v

Reaction Rate (log scale) in (MeV.h)

Theory
—&— dopted Rates
—&— Low Limit
- High Limit
10' 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 B 7 8 9 10
Temperature, T9

Figure 7: Reaction rate values vs. temperature for the reaction °N(p, y)°0 (solid blue line)
compared with those of NACREII [6] (dotted lines).
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Z0=1, Z1=7 and reaction type *N(p,n"?0.

&_.:,,r.u--r‘-e'-aéﬁ%—': SR 0 v v ¥
_ 100 R ::'.;"4 -
_ﬂ. ¥
E 4
< 5 [E
= 10 é" 7
T B
[ b
S 1wk
; 10 4 7
=
% >
(=4 10"53 4
I
g -20?3 Theory
e 10 ¥ —&— dopted Rates
I —&— Low Limit
$ ~— High Limit
T S s i j : ; : il Ll
0 1 2 3 4 5 5] 7 8 9 10

Temperature, T9

Figure 8: Reaction rate values vs. temperature for the reaction 13N (p, y)*0 (solid blue line)
compared with those of NACREII [6] (dotted lines).

3.2.6. Reaction N (p,y)*>0

I n Figure (9) the reaction rates are shown and compared with data from NACRE Il
library [6], and it was used for comparison with the present results. At 0.1<T9<0.7 there was a
difference of about a factor of 2. The best result of the power relation was as follows:

Ny{ov) = 5.36 x 103Td92° + 9.29 x 107 (12)

3.2.6. Reaction °0(a,y)*°Ne

Finally, >0(a,y)'°Ne rates and their comparison with JINA Reaclib [21] are shown in
Figure (10). Generally, our present calculations deviate from those of Reaclib at To>5 K, and
this is probably due to the uncertainty in the values of S(0) for this reaction. Curve fitting for
the resultant rates is found for present results as:

Ny(ov) = 4.882T21%% — 11.49 (13)

3.3. Production and Destruction of *>*°0 Isotopes

Ratios between production to destruction rates for 15,160 isotopes in the CNO cycle were
calculated in this research and the results are given in Figure (11). Cold CNO cycle does not
include 140, and the hot CNO actually has this isotope produced and destroyed within the
first cycle. Production of this isotope was calculated presently, however; the destruction of
140 is via beta decay, (e+v), which was not included in the present calculation. Beta decay
reaction, (e+v), was not included here because its reaction takes longer time than the particle
capture in the s-process. If these reactions were faster than the neutron capture, the s-process
cycle (Figure 1 and 2) will no longer be applied, and the calculations should be made for the
rapid capture (r-process) which is of very small probability in CNO cycles. Therefore, in
Section 3.1. (Samples and Input), no beta decay reactions were selected for any of the
isotopes 14,15,160.

Figure (11) was plotted using the curve fitting equations, Eq.s (8-10, 11-13), then the
ratios were directly found at each temperature T9 then plotted. From Figure (11) a few central
remarks can be pointed out. First, both ratios reach a saturation level atT 9>2 K. 150 ratio
was also constant to about T 9<1.4 K. At the region between these two degrees, a substantial
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change is noticed in both ratios. These changes clearly indicate an excess of production of
both isotopes in these cycles. However, due to the many approximations used in the present
calculation; we think that the results shown in Figure (11) overestimate the real conditions at
least by a factor of 1. The most important factor that should be kept in mind here is the many
possible resonance peaks occurring at low temperatures during many of the selected reactions
which could add important changes to the final results. Therefore, it is recommended to
include these reactions in more detailed calculations. The very special structure of 160
nucleus (having closed shells for protons and neutrons) and the large value of S(0) reported
for (_ "9)F (p,a)*16 O reaction can add a certain amount of error to the results. Yet, the
present calculations can give a rough estimate of the productivity of 15,160 isotopes in RG
stars during CNO both hot and cold cycles.

70=1, Z1=7 and reaction type 1*N(p,y%0.
S W T S X " X

<
>

Theory
107 —&— dopted Rates H
—&— Low Limit
High Limit
1 1

Reaction Rate (log scale) in (MeV.h)

10' 1 1 1 1 1 1 1
u] 1 2 3 4 5 B 7 8 9 10

Temperature, Ts

Figure 9: Reaction rate values vs. temperature for the reaction **N(p,y)*°0 (solid blue line)
compared with those of NACREII [6] (dotted lines).

Z0=1, Z1=8 and reaction type "°0Ofa,7)"%Ne.

Reaction Rate {log scale) in (MeV.h)

Theory
—&— JINA Reaclib Rates

10' 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 B 7 3 9 10

Temperature, Tg

Figure 10: Reaction rate values vs. temperature for the reaction *>0(a, y)*?Ne (solid blue
line) compared with those of Reaclib [21] (dotted red line).
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Ratio

180: Production/Destruction
150: Production/Destruction

0 1 2 3 4 5 6 7 8 9 10
Temperature, Tg

Figure 11: A comparison between present reaction rates for production to destruction ratios
for °0 isotopes.

4. Conclusions

Some of the O isotopes reactions occurring during hot and cold CNO cycles have been
studied by means of reaction rates. It’s seen that the ratios of production of both 15,160
isotopes tend to be quite larger than 1, indicating an extra production for both of these
isotopes. The present results overestimate real ones due to a few parameters, the most
important is being the possible resonances at lower temperatures for most of the reactions
involved in the present calculations yet omitted here. It was recommended to include
resonance reactions at lower temperatures and take special care of calculating the value of
S(0) for 160 production reactions.
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