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The Network Calculation of 2Al Nucleosynthesis in 3M, AGB
Stars and the Sensitivity Analysis of Nuclear Reaction Rates
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(School of Mathematics and Physics, Beijing University of Chemical Technology, Beijing 100029, China)

Abstract: The network calculation of 2°Al nucleosynthesis in 3 M, AGB stars and the sensitivity analys-
is of nuclear reaction rates have been investigated in this article. After establishing a complete nuclear re-
action network from carbon to silicon, combined with the latest nuclear reaction rate data, we have calcu-
lated the abundance of 26Al. The results show that 29Al is effectively synthesized in the AGB stars at the
beginning, but as the reaction proceeding, 26A] is consumed by a series of nuclear reactions. The MgAl
cycle appears in the network of 26A1. We divide the main nuclear reactions in the reaction network into
three categories (n,7), (p,v) and (¢, v), and the sensitivity of nuclear reaction rates has been analyzed
in detail. We have identified the most influential reactions in each type of nuclear reactions, they are:
»Mg(n, v)*'Mg, *Mg(p,v)?°Al, *Mg(p, v)*"Al, *Ne(p, v)**Na, ¥0(a, v)**Ne and *Ne(a, v)*Mg.
Among all the nuclear reactions involved in the present network, 25Mg(p, 7)26A1 is the one that has the

greatest impact on the yield of 26A1, which deserves the attention of nuclear experimentalists.
Key words: 26A1 abundance; AGB stars; nuclear reaction network; sensitivity analysis
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1 Introduction

In 1982, Mahoney et alll discovered the v rays
with an energy of 1.809MeV in the interstellar space
due to the decay of 26Al. 26Al is an unstable nucleus
(with a half-life of about 7.2 x 10°a), which decays in-
to the excited states of 26Mg by BT decay or electron
capture, and a 1809MeV ~ ray is emitted during the
deexcitation process of the first 27 state of 26Mg. So,
by detecting the flux of this « ray, the abundance of
26A] in the interstellar can be reckoned!?. Based on
astronomical observations, Diehl et allBl estimated
that the abundance of 20Al in the interstellar is
(2.8 4+ 0.8) M. The origin of such a large amount of

4 and

aluminum has attracted widespread attention
become an open problem in nuclear astrophysics.
According to the theoretical studies of nuclear as-
trophysics, the abundance of interstellar aluminum is
mainly contributed by the nucleosynthesis in the fol-
lowing sites, type II supernovae[5_6], AGB starsW_S],
nova[9712], Wolf-Rayet stars[m, and low energy heavy
[14-15] 1t is worth noting that Peng et

proposed an alternative way of nucleosyn-

cosmic rays
ol [16717]
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thesis for 26Al from both SNII and SNI,. The Gamma-
Ray Imaging Spectrometer(GRIS) data indicate that
AGB stars are a non-negligible site. Two evidences
support that AGB stars play an important role in the
origin of interstellar 26A1. The first one, the high
26A1/27Al ratios observed in the silicon carbide(SiC)
grains around the majority of AGB stars'8l. The
second one, circumstellar spectroscopy observed the
26A] around the nearest carbon star IRC+1021619.
The nucleosynthesis study of AGB stars shows
that 26Al is synthesized at the bottom of the H com-
bustion shell of the AGB stars(Hot Bottom Burning,
referred to as HBB) through the NeNa cycle and the
MgAl cycle[4]. Therefore, Mowlavi and Meynetm pro-
posed that AGB stars might also be the main contrib-
utor to the interstellar 2°Al. They gave a detailed re-
search on the production and destruction process of
26A1 in AGB stars and found that at the HBB of
massive (M >4M,) AGB stars a large amount of
26A1 could be synthesized, so HBB is likely to be the
main site for the synthesis of %Al In addition, ac-
cording to Wasserburg et al.[QO]7 AGB stars with ini-
tial mass M =1.5 ~ 3M can also effectively synthes-
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ize 26Al1. Due to the existence of divergence and the
update of nuclear reaction rates, it is necessary to re-
analyze and calculate the nucleosynthesis of 26Al in
AGB stars, which is also one of the main purposes of
this article. Another main purpose of this article is to
analyze the sensitivity of the nuclear reaction rates as-
sociated with 26Al nucleosynthesis, and to identify
which nuclear reactions having more impact on the
yield of 26A1. It should be pointed out that the sensit-
ivity of the nuclear reactions relevant to the 26Al nuc-
leosynthesis in the stage of explosive neon —carbon
burning in the massive stars has been systematically
studied by Iliadis et al2U. In this work, we focus on
the steady combustion stage of the 3 M, AGB stars.
This paper studies the nucleosynthesis of 26Al
and the sensitivity of related nuclear reactions in 3 Mg
AGB stars. In order to calculate the abundance of
26 A1, first of all, an entire reaction network from car-
bon to silicon isotopes is constructed. This reaction
network contains 25nuclides and 102nuclear reac-
tions ranging from '2C to °Si. Furthermore, a re-
lated nuclear reaction network equation system is es-
tablished, which is a highly stiff differential equation

[22], and the coefficient of the network equa-

system
tions is the reaction rates of nuclear reactions. Using
the semi-implicit Runge-Kutan method[23], we estab-
lish the relevant calculation program and give the nu-
merical solution of the network equations. Our calcu-
lation results show that 2°Al can be effectively syn-
thesized and subsequently consumed by a series of
nuclear reactions in AGB stars, and reaction flow cal-
culations show that the MgAl cycle has a positive ef-
fect on the synthesis of 6Al. Then, the main nuclear
reactions involved in the nucleosynthesis of 26A1 are
divided into three types, namely (n,~), (p,7) and
(a,v), and the sensitivity analysis of the reaction
rates of these nuclear reactions is carried out in detail
by using our calculation program. With the variable-
controlling approach, the reaction rate of one nuclear
reaction is changed from —20% to 20% each time,
with each step increasing by 5%. By changing the step
once, the corresponding differential equations can be
solved to obtain the 2°Al abundance variation curve.
We define sensitivity as the sum of the product of the
function value of the 26Al abundance curve node and
the step length of the differential equation system. In
fact, this definition of sensitivity is equivalent to the
Euclidean norm of the function. Therefore, the sensit-
ivity of the corresponding curve after changing the
step length can be obtained, and the sensitivity
change curve can be obtained. In this way, we have
identified the most influential reactions and they are:
PMg(n, v)* Mg,  PMg(p, 7)%Al,  Mg(p, v)*"Al

2UNe(p, v)?>Na, 80(a, v)?*Ne and 2Ne(a, v)?**Mg.
Among all reactions, 2°Mg(p,~v)?°Al is the reaction
that has the greatest impact on the yield of A1,

This paper is organized as follows. In Section 2,
models and a nuclear reaction network are set up. In
Section 3, the evolution chart of various nuclides and
the MgAl cycle flow graph are presented. Section
4 concentrates on reaction rate sensitivity for the
three types of nuclear reactions (n,7y), (p,7) and
(a, 7). The nuclear reactions having the large influ-
ence upon 29Al abundance are distinguished. A sum-
mary and some conclusions are made at the end.

2 Model and method

2.1 Establishment of nuclear reaction network

The nuclear reaction(Fig. 1 for details) network
contains 25nuclides from 2C to *°Si and 102nuclear
reactions. The latest nuclear reactions and nuclear
structure data come from the JINA Reaclib Database
and CINA Database. All the data in the two data-
bases are ongoing updates, publicly available and can
be downloaded via web. The former is maintained by
the Joint Institute for Nuclear Astrophysics(http://
groups.nscl.msu.edu/jina/reaclib/db/), the latter is
managed by the Computational Infrastructure for
Nuclear Astrophysics(http://www.nucastrodata.org).

2.2  Nuclear reaction equations

The various nuclear reactions in the stellar interi-
or arouse chemical composition variation in the reac-
tion zone, which is followed by the structural changes
of pressure, temperature, density, and so on. There-
fore, the fundamental cause of the stellar evolution is
thermonuclear reactions. Unquestionably, it is crucial
to investigate the variation of chemical composition,
resulting from nuclear reactions, for the research of
the evolution of the structure inside the stars. Assum-
ing in the volume of lem?® per second, the number of
the element i particle varies as follows:

dn; a; b; )
G T2 Trg, g )

J k,l

0. i
51'1':{ 17 6kl:{{):]§iéll7 (1)

1, 7=,
where r;;(m) is the total number of nuclear reactions
in which ¢ target nuclides interact with j incident
particles to generate m particles. In other words, the
total number of ¢ particles consumes in Lem? volume
per second. 7y, (i) is similar to r;;(m), (i) repres-
ents generation. In Eq. (1), a; denotes the number of

particles involving and consuming in a nuclear reac-
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Fig. 1

Nuclear reaction network.

Note: JINA Reaclib Database and CINA Database.

tion, and similar to a;, b; denotes production. By in-
troducting a new variable, Y; = X,;/A;, where Y; is
the element abundance, the particles density can be
written as:

_rX

‘N, = pN,Y, 2
i AiA pAzy ()

where, p, X;, Ny and A; are density, elemental
mass fraction, Avogadro constant and the atomic
weight of the element, respectively. In Eq. (1), r;;(m)
and 74(i) can be expressed as follows:

rig(m) = ning(ov)y,  ru(i) = mnlov)u,  (3)

where, (ov);; denotes the nuclear reaction rate of i
particles and j particles. Combining Eq. (2) and Eq.
(3), Eq. (1) can be expressed as:

dY:L a;
G =N T Y

bi

Here, a; =b; =1 and §;; = d;; = 0. The abundance of
3 He particles is almost unchanged in 3 M, AGB stars.
Therefore, this Eq. (4) can be expressed as follows:
av,
a =pYa Z(NA<UV>in — Na(ov);aY;)+
D> (Yidiy = YiXi) + Na({ow)inYi—

(01)inY5) + Ny({ov)ipYs = (0v)3Y;),  (5)

where, N, and N, are the density of neutrons and
protons, respectively. In Eq. (5), each term repres-
ents the effect on nuclear reactions with « particles,
B*, the neutron and the proton.

2.3 Calculation method of nuclear reaction equa-
tions

All equations are established on the basis of the
nuclear reaction network, in which the coefficient is
the nuclear reaction rates. The attribute of equations,
high stiffness, is determined by greatly different reac-
tion rates’ magnitude. The numerical solution of the
semi-implicit Runge-Kuta method is as follows:

For a problem[24]:

{y’ = f(t,y),
y(a) =n

a<t<b

: (6)

the numercial solution format can be determined by
the following forms
Ynt1 =Yn + wiky + waks
kl :h[l - halA(tn’yn)]ilf(tmyn)
ky =h[1 — has A(t, + c2h, y, + 021k;1)]_l><
f(tn + boh, yn + barky),
where, h represents the step length. a, b, ¢, w are

all coefficients, which have a lot of groups of values.
The parameters are chosen here
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<4 B ¥ = ¥ R
a; =1+ ? = 1.408 24829,
4y =1 — ? — 0.591751 71,
—6 — /6 + /58 4+ 20V6
boy =co1 = =0.17378667,
6+ 2v6

by =c, = 0.173786 67,
w; = — 0.413154 32,
we =1.413154 32.

Rosenbrock’ s semi-implicit Runge-Kutta method,
which avoids iteration and retains the stability of the
calculation format, is chosen to solve the equations. It
greatly improves the efficiency of code execution.

3  Numerical results

3.1 Initial conditions and determination of paramet-
ers

In HBB of 3M, AGB stars, the key physical
parameters are the density p=1500 g/ cm3, the burn-
ing temperature T=3x10® K and the initial mole
abundances of Y (*He)=0.175 and Y, (!2C)=0.014,
and other relevant nuclide abundance values are giv-
en according to the Ref. [25]. The injection way of '3C
is gradual, which keeps neutron density stable26] Tn
low-mass AGB stars, the neutron value is taken as
n=10" ¢cm > that is mainly from nuclear reactions
BC(a,n)'%0 and 0 (a,n)*'Nel*™). The proton source
is included in the reaction network, especially the nuc-
lear reactions “*N(n,p)'*C and 2°Al(n,p)*Mg.

Fig. 2 shows, the abundance of g firstly in-
creases over time due to the role of reaction “N(a, 7)
9F . The curve of YF quickly begins to decline be-
cause it primarily produces 22Ne. It can be seen that
the abundance curve of 2‘L—’Mg is stable at first, and

then it increases mainly because of the 2*Ne(a,n)

A O '6_25Mg 7 23Na 26Mg

'24Mg 2641 - 2TA]

-2
~ _4 i
o0
S
E -6t
S
b=
2

-8+

710 I I L

0 2 4 6 8
log(#)/s
Fig. 2 (color online) The abundances of various nuc-

lides evolving over the time.

Mg reaction. The abundance curve of 2°Al gradu-
ally decreases via 26Al(n,p)?’Mg and 26A1(B+)%Mg,
while the content of 26Mg subsequently increases.
2Na is the seed for the synthesis of 27Al, so 27Al nuc-
lide abundance remains stable. 241\/[g abundance can
also rise and form the MgAl cycle by the reaction
27Al(p, a)24Mg. Finally, the reduction of raw materi-
als leads the 26A1 consumption more than production,
and its abundance decreases rapidly.

3.2 The existence of the MgAl cycle

The nuclear reaction network equations describe
the dynamic changes of each nuclide in the network.
By calculating the reaction flow between two nuclides,
we can see the dynamic changes between the various
nuclides more clearly.

For two nuclides, the reaction flow is defined as
follows:

t

Fy(t) = [ [¥i(i = j)ldt, (7)

0

where, F}; denotes reaction flow, and Y;(i — j) is the
abundance of nuclide ¢ converted to nuclide j. The
entire time span is integrated to find the main path
for the synthesis of 2°Al. Within 10%s, the flow chart
of the MgAl cycle is shown in Fig. 3.

As shown in Fig. 3, the MgAl cycle is presented

as #Mg(n, v)*Mg(p, 7 )AL 5T)*Mg(p, 7)?"Al(p, a)
Mg.

26A1 27A1
23Na 24Mg ZSMg ZéMg
ZZMg 22Ne

- 110°
) %107
sy %1077
1x10°8
<1x10°

(color online) The calculated the MgAl cycle
reaction flow.

Fig. 3

4 Sensitive analysis

In the nuclear reaction network equations, the de-
cisive factor is the reaction rates. The reaction rates
determine the yield of each nuclide and the direction
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of reaction flow. The reaction rates can be obtained
by experiments or by theoretical models if the experi-
mental data are scarce. Whether it is experimental
measurements or theoretical estimations, there are
certain errors in the rates. Therefore, sensitivity ana-
lysis of the reaction rates in the network is very im-
portant, especially through sensitivity analysis, we can
find out nuclear reactions that have a relatively large
impact on the abundance of 26Al. This can help the
experimentalists to choose the important reactions
which need more precise measurements. As for sensit-
ivity calculation, under the variable-controlling ap-
proach, only the rate of one nuclear reaction is altered
from —20% to 20%, increasing by 5% per time for
eight times to measure the sensitivity of 2°Al. By
drawing, the impact of each nuclear reaction on 2671
abundance can be compared intuitively. Expression of
the sensitivity metric is as follows:

D? = S (F — F)2 . b, 8)

where, D represents the sensitivity metric; F© is the
26A1 abundance from the original reaction rate; F is
the 20A1 abundance with varying the reaction rate; h
is the step size. To compare the sensitivity of each
nuclear reaction more clearly, the y-coordinate sensit-
ivity measure D is logarithm base 10 and the x-co-
ordinate is —20%~20%, increasing by 5% each time.
The sensitivity analysis for three types of nuclear re-
actions (n,v), (p,7) and («, 7v) is studied. The res-
ults are presented Fig. 4~7 as showing below.

4.1 (n,~) sensitivity analysis
Fig. 4 shows that 2°Mg(n, v)?°Mg has the greatest
impact on the synthesis of 26Al and 26Al(n,v)%7Al

takes the second place. Compared with other nuclear
reactions, the impact of 2°Mg(n,v)*Mg on 26Al is

= “F(n,y) — *Ne(n,y) > *Ne(n, )
—<= ”Na(n, y) —* *Na(n, y) —*- *Mg(n, y)
—— PMg(n, y) —— *Al(n, y)

-10.5

-11.0

-11.5 .
-20 -10 0 10 20

The change of nuclear reaction rates/%

Fig. 4  (color online) (n,~) sensitivity analysis. Only
eight reactions are shown, and the remaining
sensitivities are too small to show in the Fig. 4

(Similar to Fig. 5 and Fig. 6)

larger at least one order of magnitude than that of the
other (n, ) reactions. Among all the (n,y) reactions,
the sensitivity of 2°Al(n,y)?7Al is in second place.
Thus, it can be considered that 26Al(n, v)2"Al is one
of the main nuclear reactions for consuming 2°Al.

4.2  (p,y) sensitivity analysis

Fig. 5 shows that the sensitivity of Z’Mg(p, )
26A1 is the largest. It is found that the production of
Mg(p, v)%Al to 2°Al is at least five orders of mag-
nitude higher than ?>Na(a, v)?°Al. The secondary im-
portant reactions are 26Mg(p, 7)27A1, 21Ne(p, ’y)QZNa,
*’Ne(p, 7)*Na, C(p,7)"N and '°O(p, v)'"F(p*)
170. Thereinto, 25Mg(p,fy)%Al should be the prime
target for future measurement.

~*'Ne(p, y) —=-2Ne(p, y) *Na(p, v)
——"2C(p,y) -="0(P,7) —* 2Ne(p,y)
——Na(p,y) —-—>Mg(p,y) —< *Mg(p,y)
* TAl(p,y) —**Si(p,7)

-5
-6 M
= T
P N — ——]
Q i e
\%/D \\\\V/’/
< ol
e o
79 * Hr
* « * >* * " *
%* %* *
105 ~10 0 10 20

The change of nuclear reaction rates/%
Fig. 5 (color online) (p, v) sensitivity analysis

4.3 («, 7) sensitivity analysis

Fig. 6 shows that, in the type of («, 7), the nuc-
lear reactions that have a relatively large impact on
A1 are BO(a, v)%Ne, 2Ne(a, v)*°Mg, N(a, v)
P and YF(a, v)?*Na.

Finally, in order to obtain the overall impact of
the three types of nuclear reactions on the yield of
26A1, we select several reactions with higher sensitiv-
ity in each type of reaction, and show in Fig. 7.

Fig. 7 shows that among all the three types of
nuclear reactions, 2°Mg(p, v)2°Al is the one that has
the greatest impact on the yield of 26A1. Therefore, we
recommend that nuclear experimentalists pay more
attention to it.

5 Summary and conclusions

In 3M, AGB stars, the network calculation of
2671 nucleosynthesis and the sensitivity analysis of
nuclear reaction data have been given. Firstly, we
build a complete reaction network from carbon to sil-
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Fig. 6  (color online) («, v ) sensitivity analysis.
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Fig. 7 (color online) Comparison of three types of

nuclear reaction sensitivity.

icon combing with the latest nuclear reaction rates.
As the nuclear reactions proceed, the nucleosynthesis
of 26Al is computed in detail, and the calculation of
the reaction flow shows the existence of the MgAl
cycle. Furthermore, we also analyze the sensitivity of
three reaction types (n,7v), (p,7v) and (a, v) to the
production of 26A]. The result indicates: the reaction
rates of *’Mg(n, v)*'Mg, *Mg(p, v)?°Al, *Mg(p,v)
27AL, 2'Ne(p, v)?*Na, 80(a, v)*Ne and *Ne(a, 7)
26Mg have the greatest impact on the nucleosynthesis
of 26Al. In particular, the 25Mg(p, 7)26A1 reaction is
the most important reaction of all, further
mental studies of this reaction are recommended.
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