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In this paper, the network equation for the slow neutron capture process (s-process) of heavy element nucleosyn-

thesis is investigated. Dividing the s-process network reaction chains into two standard forms and using the technique

of matrix decomposition, a group of analytical solutions for the network equation are obtained. With the analytical

solutions, a calculation for heavy element abundance of the solar system is carried out and the results are in good

agreement with the astrophysical measurements.
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1. Introduction

The nucleosynthesis of heavy elements is an im-
Here, the
heavy element refers to the element beyond the iron
group.

According to the theory of Primordial Nucleosyn-

portant problem in nuclear astrophysics.

thesis, only hydrogen, helium and a few light isotopes
with A < 12 are produced in the Big Bang. These
isotopes are stepwise converted to heavier elements by
the energy-generating fusion reactions in stars. In suc-
cessive stages of stellar evolution a sequence of burning
processes converts H into He, He into C, and so on un-
til the isotopes around iron are created in Si burning.
Beyond the iron group, the fusion reaction of charged
particles quickly ceases to contribute to the heavy el-
ement because of the increasing coulomb barriers and
the decreasing binding energies per nucleon.[!]

In 1957, Burbidge et all?! published their famous
paper to provide a physical mechanism for the heavy
element nucleosynthesis. In their pioneering investi-
gation, Burbidge et al pointed out that neutron cap-
ture reactions played a main role in the heavy ele-
ment nucleosythesis. In correspondence with different
astrophysical sites, there are two different processes
of neutron capture, i.e. the rapid neutron capture
process (r-process) for the explosive astronomical site
such as supernova and the slow neutron capture pro-
cess (s-process) for helium burning in the red-giant

stage of stellar evolution. In both the r-process and
the s-process, heavy elements are produced by seed
nuclei to capture neutrons. Here, the seed nuclei usu-
ally refer to the iron group, for instance, ®°Fe, Co, Ni
et al.

Because it contributes to approximately 50% of
the heavy elements of the solar system, the s-process
has received more and more attention and made much

progress!-4

since Burgidge et al came out with their
research. Clayton et all®) employed the Laplace trans-
formation method to obtain the solutions of network
equations of the classical s-process in which it is sup-
posed that in the s-process path, if some nuclei are
unstable, the beta decay always takes place before the
neutron capture. Subsequently, Seeger et all® intro-
duced the exponential distribution of neutron expo-
sure to fit the o4 N4-curve of solar s-nuclei.

Taking into account the branching ratio between
beta decay and neutron capture, Ward et all”) brought
in the network equations and obtained the solutions
for the branching s-process. The subsequent calcu-
lations of star evolution indicated that the neutron
sources came forth in the pulse form, so Ward and
Newman!® investigated the single pulse s-process and
Another

resultl? of star evolution showed that there were two

gave the solutions for network equations.

neutron sources for the s-process, *C(a, n) °O and
22Ne(a, n)?*Mg, and Beer['%! found out the solutions

of the double pulse s-process.

*Project supported by the National Natural Science Foundation of China (Grant No 10447141 ) and the Youth Foundation of
Beijing University of Chemical Technology, China (Grant No QN0622).

TE-mail: wuks@mail.buct.edu.cn

http://www.iop.org/journals/cpb  http://cpb.iphy.ac.cn



4050

Wu Kai-Su

Vol. 18

To understand the s-process of nucleosynthesis,
especially the effects of different physical parame-
ters on nucleosynthesis, analytical solutions of the s-
process are advantageous and it is also convenient to
calculate the abundance of s-process heavy elements
with analytical solutions. For the branching s-process,
however, the Laplace transformation method is im-
practicable, because the expression of the Laplace
transformation is too intricate to obtain the analytical
formulae of Laplace inverse transformation. So Ward
et al used the matrix method to solve the branch-
ing network equation. But many trivial physical pro-
cesses were taken into account in their investigation,
for example, electron-capture, positron-emission, neu-
tron capture and beta decay et al, thereby rendering
the branching process main matrix of s-process net-
work equations too intricate; therefore, they could not
give every item in an expression of the analytic solu-
tion.

Relying on the up-to-date nuclear data,!*!l how-
ever, we find out that there are only two branching
point nuclei in the s-process path: '°?Eu and 29Tl
which can induce the intricacy of the branching s-
process as a result of the coexistence of various phys-
ical processes. As for the other branching points, the
main physical processes are neutron capture and beta
decay. (A detailed and comprehensive analysis will
be given in sub-section 3.2.) So, in the present paper,
only neutron capture and beta decay are considered in
the branching point of the s-process. Thus the main
matrix of the branching s-process network equation
will become simple and easy to solve analytically.

The network equation of the s-process is intro-
duced in Section 2. In Section 3, the network equation
of the branching s-process is divided into two standard
forms and solved separately. In this section, we only
comsider the most important factors — neutron cap-
ture and beta decay so that the main matrix of the
network equation becomes simple. As an application
of our analytical solutions, the solar system heavy el-
ement abundance is computed in Section 4. A sum-
mary is presented in Section 5.

2. Network equation

Each nucleus in the s-process reaction chain is
created and destroyed by neutron captures and/or by
weak decays. In the path of the s-process, if a nucleus
is unstable, then it will keep on capturing neutrons
with capturing time scale 7, or it will perform beta

decay with an average life time 73. In the classical
s-process it is supposed that 73 < 7, which means
that the beta decay always takes place prior to the
neutron capture except for some long-lifetime nuclei.
So the differential equations for the classical s-process
can be written as

dNy

Sdt

where N4 is the abundance of the unique isobar of

= (ov)a—1np (t)Na—1 — (o0) ann(t)Na, (1)

atomic weight A on the s-process path. The time de-
pendence enters explicitly through the free-neutron
density n,(tf) and through the temperature depen-
dence of (ov).

One idealization of the clear physical interest,
however, is that of a constant- temperature s-process.
Generally speaking, a given neutron source turns it-
self on at a certain temperature and exhausts itself at
nearly the same temperature. Even if the tempera-
ture is not constant, moreover, the solution at a con-
stant temperature is obviously a first approximation
to a more general problem. A consequence of this as-
sumption is that the weak rates are also constant (at
values determined by T'). For the unique chain, where
the equation is applicable, Clayton et al showed the
change of variable from time ¢ to irradiation 7 (or ex-
posure)

. /O pn(turdt. (2)

Without any assumption about n,(t), it is convenient
to reduce Eq.(1) into
% =04_1Na_1 —0aN4. (3)
The solutions and their approximate forms have
been discussed by Clayton et all¥ Clayton and
Newman,'?l and Clayton and Ward.['3] This simpli-
fication is impossible unfortunately at the branching
point of the s-process, because the equation includes
not only the neutron numerical density but also the
beta decay rate. The neutron capture rate depends
explicitly on n,(t) whereas the beta decay rate does
not. Therefore time enters in an essential way as an in-
dependent variable. With regard to the general form
for n,(t), moreover, the equations of the branching
point of the s-process can be solved only by numer-
ical integration. But just as we know, the s-process
generally takes place in the He-burning shell of AGB
stars. In the He-burning shell, He burns calmly and
the temperature and the neutron numerical density
1y (t) almost remain immovable. Letting the branch-
ing point nucleus be (Z, 4), it becomes (Z, A + 1) by
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neutron capture and becomes (Z + 1, A) by beta de-  Let
cay. With the approximate condition of temperature N )
and neutron numerical density n,(¢) constants, the h
network equation can be written as . Ni+2 b — 0 (6)
AN, . ’
- 04-1Na—1 — (0aNs + A" Na), (4)
T N 0
. k+m
where A~ is the beta decay rate.
3. Solutions of network equations ~Ok+1 0
Ok+1 —Ok42
Now, we divide the network equations of the
] . 4 A= 0 okrt2 —Okys3 . (1)
branching s-process into two standard forms: the no
branching chain and the branching chain.
L 0 0 0 Ok+m—1 —Ok+m |

3.1. No branching chain

Let the standard no branching chain start from
nucleus A1 and stop at Agym, i.e.
Ap+n— A1 +n— Agyo+n— ...
—Akrm—1+n— Akim.
Using symbol Ni; to denote the abundance of

nucleus Ay ,, the no branching network equations can
be written as

dNp 1
= 041 N1 + 0k N,
dr
dNg42
= — 042 Np+2 + k1 Np41,
dr
de+m
dr = _Uk+me+m + Uk+m—1Nk+m—1~

(5)

0 0
TOk+1 Ok4+2 = Ok+1

0 —Ok+2  Ok43 — Okt1l

0=0,

We refer to the matrix A as the main matrix of
Eq.(5). Equation (5) can be written in the following

form:
dN
— = AN + o0} - Ni - b. (8)
dr
The eigenvalues of the matrix A are
—O0k4+1,—0k+2y ---, —Ok+m. NOw, we compute the

eigenvectors. The eigenequation of A is
(M - A)a =0, (9)

where 6 is the null vector and « is the eigenvec-

tor whose components are denoted by x1, 22, ..., Zpm,.
While A = —0j41, Eq.(9) is
0 1 _xl 1 (1]
xT9 0
—Ok+m—1 Ok+m — Ok+1 | L Tm | L 0 ]

— 04121 + (Opq2 — Op1)22 = 0,

— Ogq22 + (Opy3 — Opq1)23 = 0,

— Ok4+m+1Lm—1 + (0k+m - O—k+1)1’m =0.
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It is easy to obtain

3 m
Ok+1 Ok+i—1  Ok4i—-1
Ok+2 — Ok+1 imo Tkti — 0k+1 5 Ok+i — Uk+1
When A = —oy4,, the eigenequation is
Okt1 — Okti 0 0 431
—Ok+1 Ok4+2 — Ok+4i €2
(13)
—Ok+i Ok+i—1 — Ok+4i Ti41
0 —Ok+tm—1 Ok+tm — Ok+i T
m—i—1
Ok+itj
PR | (T
Olrit il — Opas
(Ok+1 — Opti)T1 =0, joo  Oktititl = Okti
m
— Ok 171 + (Oht2 — Ohpi)T2 = 0, _ Tk+j—1 (15)
j=iy1 Thtd T Ok
— Okti—2%i—2 + (Ohgi—1 — Okgi)Ti1 = 0,
Now, matrix A can be reduced into
— Op4i—1Ti—1 = 0,
— Okt+i%i + (Optit1 — Okti)Tiv1 =0,
Ok+1 0
A=B Tk B, (16
— Ohtm—1Tm—1 + (Oktm — Okti)Tm = 0, - . ’ (16)
(14) '
P 0 —O0k
Ty =Ty = ... =x;,_1 = 0, x; is independent, so we tm
take z; = 1, then
r _ Ok+1
+1 — 3
Tktitl = Ok+i B = [Olkzﬂ Qg2 oo Oy | (17)
Ok+i+1
Tiyo = — " Tit1
Ok+i+2 — Ok+i
Okti o . . .
= ketitl . ktl , where apy;(i = 1,2,...,m) is the eigenvector of
Ok+i+2 — Ok+i  Ok+itl — Ok+i . .
ot + Fit + Aagti = —0Op+iop+;. 1t is easy to obtain the form

1
Ok+1

Ok+2 — Ok+1
Ok+j5—1

j=205 = Ok+1

T Ok+i—1

L i=2 Ok+i — Ok+1

of matrix B

0
1
(18)
Ok+i
Ok+i+1 — Ok+i
Uk+j_1 1
j=i+1 Ok+j — Ok+i J
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Let the inverse of B be

1
as 1
B71 = as e s
L am 1 -
and Eq.(8) be changed into
dIN
P Bdiag(—0k11, —0k42s - - s —Okim)B "N + o1, Ni.b.

Let B~'N =1, b* = B~'b, the equation becomes

—O0k41

dyp X
1 —Okti )+ o Nipb™,

—Ok+m

Because of b* = B71b, b=[10 ... 0], the result of B~!b is just the first column of matrix B~!.

ok N, = fr and we can have
ok Nib = [fr, a2 fr, a3 fr, s am fr] -

Then we can obtain the differential equation for v;

dip;
dr

With the variation of the constants method, we can acquire

= —0p4i¥i + a; fr (7).

-
’[Z),L- — @ Tk+iT | / eUk+iT/ ca; - O—ka(Tl)dT/.
0

In the same way, we have

d
% = —0p+191 + fu(7),
-

.
. ’
thus ¢ = e ++17 / e i . o Ny (7')dr'.
0

Because of N = B1, it is easy to obtain

) ; 1
Nit Okt
Nigo Ok+2 — Ok+1
ﬁ Ohtj—1 - 1
Niys L] :

j=2O0k+j — Ok+1
Ok+i
Ok+it+1l — Ok+i

_Nk+M_ T Ok+ti—1 L Oktj—1

Li=2 Ok+i — Ok+1 j=i+1 Ok+j — Ok+i

thus Nk+1 = 1/J1,

Nipi =i+ <H Ukﬂl)il)uy
v=2

g i — 0 —
j=uv k+7 k+v—1

(20)

(24)

(25)
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3.2. Branching chain

Let the branching chain start from the unstable
nuclide A;, which means that there are other physi-
cal processes (they include electron-capture, positron-
emission, beta decay et al which were taken into ac-
count by Ward et all®!) in competition with neutron
capture. As an example where the branching chain at
84Kr is in accordance with the result given by Ward
et al,[% these processes are shown in Fig.1.

86Qy 87Gy 88gy 89gy
— -
(74£7) (10949). | (6.9+25)°.] 51d
85Rb 86Rb u"--.‘87Rb N 38Rb
.‘* —_— - — S
N | 44N
(215+20) 18.7d ] 5x1010Y > 17.8m
84Ky 85Ky '\_\ 86Ky BTKr
- S R NI PN
28 10.87Y 9 76 m

Fig.1. Branching s-process path through the isotopes of
Kr, Rb and Sr. The arrows denote the possible multifar-
ious flows leading from ®°Kr to ®8Sr. The dash dot ar-
row at 86Rb indicates the positron-emission. The neutron
capture cross section (in mb) and half-lives of nuclides are
written below the nuclide.

Because the positron-emission of 36Rb was con-
sidered by Ward et al, the branching path becomes
complicated. A direct effect is the complex main ma-
trix A.

According to the up-to-date nuclear data,!'!] the
half-life of the unstable nuclide 3Rb is 18.63 days
and there are two decay models, i.e. beta decay
and positron-emission. Because the branching ratio

(11]

of positron-emission is 0.0052%,!"!! it can be ignored

and the branching chain will be simplified. In fact, if

l

3 decay

N Ao+n— Az+n— ...
—+n

A0+n—>A1

a branching point nuclide brings on branching chain
intricacy, it must be unstable and decaying with mul-
tiplicate models. Checking the latest nuclear data,[!!]

we find only 10 candidates in the s-process path (see
Table 1).

Table 1. Intricate branching point of the s-process.

nuclide | decay model and branching ratio, half-life
64Cu e+ BT (61%), B~ (39%), 12.7h
0Ga £(0.41%), B~ (99.59%), 21.14 m
104Rh | e+ B81(0.45%), B~(99.54%), 42.3 s
HOAg €(0.3%), 8 (99.7%), 24.6 s
1228h e+ B (2.4%), B~ (97.6%), 2.724 d
1281 e+ Bt (6.9%), B7(93.1%), 24.99 m
2Fu | ¢4 BH(72.08%), B (27.92%), 13.537 y
186Re e(7.47%), B(92.53%), 3.7182 d
1921y e+ B1(4.87%), B7(95.13%), 73.827 d
204 e+ 1 (2.9%), 87 (97.1%), 3.78 y

Here, s,m,h,d,y denote second, minute, hour, day and year

respectively.

As the table shows, only two nuclides, '°2Eu
and 2%4T1 can induce the complexity of the s-process
branching chain. The half-lives of the others, how-
ever, are too short or there are too many obvious dif-
ferences between the branching ratios of the different
decay models. So we think over the following stan-
dard branching chain which includes the most cases
of s-process branching.

Let nuclide A4; be unstable, 7, ~ O(73), so the
neutron capture and decay take place synchronously.
We suppose that A; captures the neutron to create A,
and decays into Bs, and then A5 and Bs keep on cap-
turing neutrons separately. Because Ao departs from
the beta stable line, it will be unstable after a series
of neutron captures and will enter into the stable line
by means of beta decay. See the following sketch:

— B, +n 2\,

—>An+n/ i

Here, A; is the branching point and A, ;1 is the convergence point. The network equation at branching point

Al is
dX;
dr

= —(01+07) X1+ 00Xo, (28)

where, o1 and o} denote the neutron capture cross section and the beta decay rate of Ay respectively. g is the

neutron capture cross section of Ag. It is easy to obtain
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X, = e (nfon)m. / ooel 10T X (7)dr . (29)
0

Let o; (0f) and X;(Y; ) be the neutron capture

K3

cross section and the abundance of nucleus A; (B;)
respectively. The branching chain can be considered
as two no branching chains from By and As separately
and the solutions can be written as the following for-
mulae with the solutions of no branching chains (26)
and (27).

P =e 727 / e oy X (7')dr’. (30)
0

T i o
by = e T / it < 11 J>
0 5 0j+1 — 02

j=2
x o X1(7")dr’. (31)

X2 = ¢17 (32)

Xiv1 =i + Z ( H W>¢u—1

j=v

(i=23,...), (33)

/ 73T ~oy X1 (7)dr’, (34)
0

* T * ’ ¢ U*
VU, = e Tit1T . e%i+1T [ — I | — 7
! ¥, — 0o}
0 o Y511 2

j=2
x o1 X (r")dr'. (35)

X2 = wla (36)

p— +z(n*) vy
]+1 Oy
(i1=2,3,...). (37)
The abundance of the last element A, satisfies

an+1

dr = _Un—i-an—i-l + o, Xy + U:Yna

so we can obtain the expression of abundance X,
as

.
_ / / / _
Xpi1 =e o7 / 7T g, X, (7 dr 4 eI T
0

-
7
X/ e T gk, (rhdr.
0

4. Heavy element abundance in

the solar system

As an application, we compute the heavy element
abundance of the no branching s-process of the solar
It is known that
the distribution of the s-process abundances observed

system with the analytic solutions.

in the solar system is a superposition of different num-
bers of seed nuclei p (1) exposed to irradiation for 7
per interval d7 since Clayton et al published their re-
sults in 19610

(oN); = /000 p(T)N;(7)dr. (38)

In their paper, p(7) proved to be a decreas-

ing function of 7. Subsequently, Seeger, Fowler and
Clayton!® pointed out that p (7) might be approxi-
mated well by an exponential distribution

(1) = Gexp(—7/70). (39)

Now we suppose that the reaction chain starts
from ®6Fe and ends at 2°°Bi . Let the initial value of
56Fe be Ny, then the abundance of *5Fe will be

N56 = Noe_USGT. (40)

Using formula (23) and (24), we have

wwleMMﬂwva

oo T ,
:/ p(T)e_f’S”/ 056 Npe 7577 756)7 A7/ dr
0 0

_ 056 NoTo (41)
(T00'57 + 1)(7—0056 =+ 1),

ww»=AMMﬂmvmr
= [ stmreeme

-
X / 0'56N0 .
0

’
i— !
a; - elos6+i=056)7 47/ 47

_ 056NoTo o
(1005641 + 1) (100356 + 1) s (42)
(oN)s7 = (09)1, (43)
(0N)56+i
- | i i S
=(o¥)i + 1;2::2 <jl_£ Oktj — Ohto—1 > (0’1/))1;—1~(44)
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During calculation, following the way by Almeida
et al'%) and Képpeler et al,'% we take the neutron ir-
radiation distribution p(7) as the superposition of two

different irradiations

p(1) = p1(7) + p2(7)
=f1-Gr-e /M4 fy Gy e /T2,
(45)

where these parameters are

fi =27, fo=0.092,
T10 = 0.056(mb ™), 79 = 0.24(mb™ 1),
GZ' = N()/TZ'O (Z = ].72)

The cross sections have been cited from Refs.[14,
17]. The initial abundance Ny of 5Fe is the observed
solar abundance, 8.25x107/10°Si (See Ref.[18]). The

calculation results are shown in Fig.2.

106 1 1 1 " 1 L 1 1 1 L 1 1 1 L 1
©
o
—
i
“ 104
b
*
Q
o
3 102
gl
Gd HfW Pb
< L¥ [}
100 L L

—
140
Mass number

Fig.2. Product of neutron capture cross section (30 keV
in mb) times solar system abundance (relative to Si=106)
versus atomic mass for nucleus produced in the s-process.
The dash line and the solid line represent theoretical calcu-
lations from a single exponential distribution p2 (7) (where
7 is the neutron exposure time) and from the sum of two
such distributions p1 (7)+p2 (7), respectively. The square
with error bar denotes the astronomical measure.

5. Summary

As basic tools, network equations play an impor-
tant role in the s-process. Generally, there are several
hundreds of nuclei that take part in the s-process net-
work reaction. When using the numerical method,
several hundreds of differential equations have to be
solved. While the network equations of the s-process
are solved, it is necessary to superpose the differ-
ential equations several hundred times. Because of
the accumulation of errors in the superposition, it is
possible to increase the errors of numerical solutions.
On the contrary, the analytic solutions are accurate.
Moreover, just as mentioned above, the analytic so-
lution of the s-process is important to understanding
the s-process nucleosynthesis and the effects of differ-
In the

preceding investigations, with the Laplace transform,

ent physical parameters on nucleosynthesis.

Clayton et al gave the analytic solutions for the no
branching s-process in 1961.1°) But at the branching
point, the Laplace transform is too complicated to
compute. In their research of the branching s-process
in 1976, Ward et all”l gave the analytic solutions for
the s-process network equations with the matrix di-
agonalization method. In their analytic solutions of
the branching s-process, however, they just solved the
network from ®°Kr to 83Sr as an exemplification of
the branching points, and they could give the analytic
expression of the transformation matrix of the diago-
nalization matrix. In the present paper, we divide the
s-process into two standard forms, the no branching
chain and the branching chain which include the ma-
jority of the cases of s-process branchings. Calculat-
ing the eigenvalue and the eigenvector of the matrix
of the network differential equation system, we ob-
tain the analytic representation of the transformation
matrix and give the analytic solutions of the network
equations. With the analytic solutions, we compute
the heavy element abundance in a solar system and
the results are in good agreement with astrophysical
measurements.
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