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Abstract

In transport theory, the convergence of the inner iteration scheme to the spherical
neutron transport equation has been an open problem. In this paper, the inner iteration
for a positive step function scheme is considered and its convergence in spherical geometry
is proved.
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1. Introduction

In 1968, Carlson and Lathrop [1, p. 261] pointed out, there were some unsolved problems in
neutron transport theory. One of them is the convergence of inner and outer iteration process.
Perhaps investigations of these problems lead to procedures for accelerating convergence. Since
then considerable progress has been made in convergence of inner iterations in slab geometry.
For example, Menon and Sahni [2] estimated the spectral radius of the iteration matrix and
proved the convergence theorem under the assumption of “non-regenerative” in slab geometry.
Nelson [3] proved that the similar conclusion under the hypothesis of “weak non-multiplying”.
Recently Yuan et al[4] proved the convergence under a weaker condition on known data and
more general boundary conditions.

Due to the appearance of the angular derivative in curvilinear geometry, the formalism of
such inner iterations scheme are more complex and there is not any known convergent result by
now. In this paper, we will establish the convergence of inner iterations to the spherical neutron
transport equation. The means employed here is the Perron-Frobenius theory for non-negative
matrix, but the argument method of Nelson’s proof [3] is improved, just like that in [4] so as
to handle complicated process. Although the result is concluded for a positive step scheme, it
can be extended to some other positive schemes.

Consider the following neutron transport equation

oY 1—p?d 1 !
pSE+ LS ey = et [ty + 50) 0

where r € [0, R], u € [-1,1], ¢ is angular flux with subject to vacuum boundary condition

Y(R,p) =0, p<O. (2)

Here o(r) > ¢(r) > 0 are the total and the scattering cross section respectively, f(r) is the
non-negative external source.
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Eq.(1) is usually expressed the following conservative form too,

w1001 — )
r2 or r ou

o) = elr) [ vt + £0) )

Consider a spatial and angular net with mesh points 0 = Ty <rg <o <Tpgl = R;
“l=p <ps < - <pypr=1, where N is an even number. Let Cy = [rk_%,r,ﬁ_%] for
k=1,2,---, K. Suppose that in the interior of each Cf, o(r) and ¢(r) are constants o) and cg
respectively, then the standard inner iteration schemes are as follows [5, pp. 230 or 9, pp. 141]:

Hm(AkJr%lb(nH) *Ak—J/’(nH) )

k+%,m 7—m

11 1/)(n+1) . (n+1)

km+— m*i k,m—%

+(Apyy — Akfé)

Wm

FVioppimt ) = s,

S chkzlﬁkj wj + Vi fr-

m=1,2--- 7N;k:: 1,2,--- K.
where i, € [fy,_ 1o Mmyd | are even order Gaussian quadrature sets, and w,,, are the correspond-
. . N _ _ _ 3 3 _
ing weights, > wm =1. Apes =7 il,Vk = 1(r ot frk_%), Uyl = Q1 = — W,

and a1 = 0.
2
Boundary conditions are

(n+1) _
Q/JK+27m_O7 m_1727"'7

N
5
The symmetry conditions at the center of the sphere are

W = BT m=1,2,

N
3, N+1—-m 2"

In order to complete the differencing procedure, we need two auxiliary relationships

I(C’;anrl) _ w(nJrl +(1—a) ](€n+11), (6)
= bzw;?,:igﬂ by ”)

where 0<a<1,0<b<1,k=1,--- , K;ym=1,--- /N.
The starting direction equation (u = —1) is given by

—(Aip 3 = Aoy ) + Vo = 51, 8)
w(n-ﬁ—l) 1/1("+11)1 F(1- )’l;[}(n—i_ll)la 9)
k=1,2,--- K.

The boundary condition for the starting equation (8) is

Y, =0, (10)

272
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(n+1)
E+3.5
0, we march inward (decreasing k) in the p = —1 starting direction using Eqgs. (8) and (9) to

obtain 1/’;(;1—21); and wl(cnfl) fork=K,K—1,---,1. Knowing 1/)](6121; and wli";_i)l then we can
)5 )5 35 ) 2

2
calculate the z/J(nH) (1) and w(nﬂ) k=K, K-1,---,1;m=1,--- ,N/2 by Egs. (3, 4,

k—%,m’ km k,m-i—%’
6, 7) until all of the angular fluxes for u,, < 0 are obtained. Next we calculate the starting
fluxes at k = 1 for m > N/2 from Eq. (5), then we march outward (increasing k ) using Eqs.

(3, 4,6,7) for ") U and "D, k=1, K;m=N/2+1,--- N. Replacing the
2 ’ 2

scalar flux ,(/}](C’Zjl), k=1,2,--- K;m=1,2,---, N to update the scattering source S,(c") for the
next iteration.
Formally, by letting n — oo in (3) and (8) we get

It is useful to illustrate solving procedure. On the space-angle mesh beginning with 1

:U/W(AkJr%war%,m - Ak—%wkfé,m)

am-{-%wk,m-i-% - am—%wk,m—%

+( Ay —Ap-y) (11)

Win
+ViokVkm = Sk,
—(App 1V — A1 1) + Veory 1 = Sk (12)

202

N
Sk = Ve Z Yrjw; + Vi fr.

j=1
Remark 1. Eq. (11) is a discrete scheme for Eq. (1’) obtained by finite volume method,
although uk+%,k =1,---,K — 1 are not given explicitly. Eq. (12) corresponds to (1’) in the
case of p = —1. By now we still do not see the strict convergence proof of the scheme (11) to Eq.
(1) in literature, but some properties in similar scheme to slab geometrical neutron transport
equation [8] have been investigated. We guess the solution of (11) is convergent under some
conditions.
Remark 2. Eqs. (6) and (7) describe approximate relations among boundary fluxes wk:ﬁ:%,m’
Vg, me1 and scalar flux ¢pp,. For a = b = 1, schemes (3)-(10) are the so-called diamond
difference ones. The diamond method is more accurate than that choosing other parameters a
and b, but cannot guarantee positive solutions to (3) and (8). If a, b are chosen

a=1, b=1, fpim > 0; (13)
a=0, b=1, <0, (14)

the schemes are called step function ones, which are non-negative.
Remark 3. Denote all Ypm, ¥pq 1 m,Vkmes as a vector ¥, then Egs.(3) and (8) can be

expressed briefly as
HY D) — sg@ 4 v,

¥y Hy,y O 0 Si2
(‘I’2>’ (H21 sz)’ (0 822)’

U1 = (Yy,1,%

where

, ,%a"'awfﬂéawl(-‘r%,%))

T
‘Il2 = ( 1/’%,1#/11,177/)1,%7"' awaé,lawK,lawKﬁgawK+%7la

e 7"/)[(7%,]\[5wK,N;¢K1N+%,1/)K+%1N),
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W, denotes the fluxes in starting direction (1 = —1) and ¥4 describes the rest ones. Hj j
and S; ; are block matrix elements, and detailed form can be deduced by Egs. (3) (17) (18).
We want to point out that even if not concrete structure of such matrixes, there exists H™1,
because all fluxes can be explicitly obtained from the above solving procedure.

The purpose of this paper is to prove that the iterative solution of step function schemes
(3)-(10) convergent to that of discrete ordinate equations (11) and (12).

Theorem 1. Suppose that 0 < ¢ < op, fx > 0, for k =1,2,--- , K, then the sequence ™
defined by schemes (3)-(10) with step function relationships (13) and (14) converge as n — oo,
and the limit is independent of initial value ®(©).

2. Convergence of Inner Iterations Scheme

Before proving the Theorem 1, we state the following auxiliary lemmas:
Lemma 1 (See Theorem 2.7 in [6, pp. 46] or Corollary 5.2 in [7, pp. 37]). If
A € R™ " s real and non-negative matriz, then spectral radius p(A) is an eigenvalue of A,
and there exists a non-negative eigenvector of A associated with p(A).
Lemma 2 (see Theorem 1.4 in [6, pp. 13] or Theorem 1.1 in [7, pp. 113]). Consider
the stationary iterative method

w(n-%l) — A¢(n) +f, (15)

where A € R™*" f € R™. Then the method (15) is convergent if and only if p(A) < 1.
Proof of Theorem 1.
For p,,, = —1, substituting (9) into (8), we have

GtV = Ay v + S0/ Bo (16)

where
Ey = Ak—% + Viog.

So z/;l(c"fl) >0,k=1,2,---, K — 1, by the vacuum boundary condition (10).
2
Similarly, for u,, < 0, substituting (6) and (7) into (3), we have

b = i A+ — <Ak+1 — Ao gD+ S/ By (17)
where 1
By = —pmAp_1 + E(Ak-i-% — Ap— 1)y 1+ Viok
For p,, > 0,
) = Ui Ag 3000+ == (g = A g 000, +SPYE (19)
where

By = pmAgyy + — (Ak+1 — A 1)ap 1+ Viop.

Under the given boundary and symmetry conditions (4)-(5), we can draw a conclusion
1/),22:1) > 0. By (6) and (7) the iterative operation H™1S is non-negative one.

Suppose that the iterative process is not convergent. From Lemmas 1 and 2, the matrix
spectral radius p > 1 is an eigenvalue of solution operator H~1S, and the eigenvector is non-
nﬁgative. Let A = 1/p <1, then there is a non-negative vector ¥ym, Yy 1m and Yy o, 1 such
that

m(AkJr%war%,m - Akfé’l/)kfé,m)
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am-{-%wk,m-i-% - am—%wk,m—%

F(Apry — Ap-1)- o (19)
N
FViorYrm = AVicy Z Yijw;.
j=1
These Ypm, Vpy 1 m and ¥y 4 1satisfy the relations (4)-(10) with fi = 0.
Multiplying (19) by w;,, and summing over 1 <m < N and 1 < k < K, we have
N N
AKJr% Z ,umwm"/JKJr%,m - A% Z memw%,m
m=1 m=1
K N K N
+ Z Z Viokwmrm = /\Z Z Vi CkwmPim.- (20)
k=1m=1 k=1m=1
Here we have used the fact that p,, are even Gaussian sets, W, = WN—m+1, b = — N —m+1
form=1,2,---, % and aygr =ar =0. Considering the vacuum boundary conditions (4)
and symmetrical conditions (5) with respect to m =1,2,---, N/2, there is

N K N
Agsy D EmwmUkiym+ Y Y Vi(ok = Aep)wmthpm = 0.
m=N/2+1 k=1m=1

Since o1 > ¢, there is
Q/JKJF%M =0, m=N/2+1,---,N.

From the step function relations (13), there are
Yrm =0 m=N/2+1,--- N.
By use of non-negative feature of (19), (6)-(10) and (13)(14), we can obtain
Vem =0, k=1--- K; m=1,--- N

and ¥y 1 n = 0,9 oy = 0. This contradicts that {tkm, Vi1 m: Yr,ms1} is an eigenvector.
The proof of the theorem is completed.
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