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A radiation transport code system BERMUDA has been developed for one-, two- and
three-dimensional geometry. Purpose of the development is to establish a basis of an
accurate shielding calculation method for general use. The time-independent transport
equation is numerically solved using a direct spatial integration method in a multigroup
model, to obtain spatial, angular and energy distribution of neutron, gamma rays or
adjoint neutron flux. In 1992, four neutron transport codes were reported in JAERI
1327 as PartI. [In 1993, four gamma rays transport codes were reported in JAERI-M 93-
143 as PartO. In the present report as PartIE, reported is the development of an
adjoint neutron transport code for one-dimensional spherical geometry. Adjoint neutron
flux is used in a sensitivity analvsis or in a perturbation calculation. As described
in Part T, use of the spherical harmonics expansion is avoided in representing
anisotropy of both angular flux and scattering cross section. A group-angle transfer
matrix is obtained by integrating double-differential cross sections numerically, taking
energy-angle correlation into account. A first collision source method is utilized for
a case of point source. Angular flux distribution is obtained by integrating the
transport equation over a line segment along each angular discrete ordinate toward each

spatial mesh point. A fine energy grid method is used, with.a rebalancing scheme
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concerning the number of gain and loss of particies over each spatial region and also
in each energy grid. The ‘energy grid means a ‘subgroup’ having equal lethargy width
to each other in an energy group. As to group constants, the same library,
J439B, BERM125X. DATA, is used commenly to the regular (forward) neutron transport codes
as in PartI. Validity of the present code BERMUDA-1DNA has been tested for five
sample problems by comparing the calculated results with those from the forward nectron
transport code BERMUDA-1DN. The tests have shown that accurate resuits are obtainable
with BERMUDA-1DNA. In this report as PartIl, described are the derivation of the
adjoint equation, the calculational method and the validity tests. Job control

languages, input data specifications and output data are also described so that the

present report is available as a user’ s manual.

Keywords: BERMUDA, Radiation Transport, Shielding, Code System, Direct Integration
Method, Energy Group, Angular Flux, Anisotropy, Double-differential Cross

Section, Angular Discrete Ordinates, Adjoint Neutron Flux, Sensitivity

Analysis
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i. Introduction

The radiation transport code system BERMUDA consists of three

subsystems as:

{1) Neutron transport codes,
{2} Gamma rays transport codes and

(3) Adjoint neutron transport code.

Out of these, four neutron transport codes were reported in JAERI 1327
(Ref.1) as PartI in 1992, and four gamma rays transport codes v¥ere reported
in JAERI-M 93-143 (Ref.2) as PartI in 1993. The present report is written
as PartIl for the adjoint neutron transport code.

Almost all of the numerical methods to solve the regular (forward) neu-
tron transport equation are commonly used in the adjoint neutron transport
code, except that an adjoint neutron moves in the opposite direction to a
forward nevtron and also that the adjoint equation in multigroup medel is
solved from the lowest energy group.

We have developed a computer code, BERMUDA-1DNA, for obtaining space,
angle and energy distribution of adjoint neutron flux ¢ *(?,E,fﬁ) in one-
dimensional spherical geometry. The present report is written as a usage
manual for BERMUDA-1DNA.

In Chapter 2, the adjoint neutron transport equation is derived from
the forward neutron transport equation. The characteristic features to
solve the multigroup adjoint neutron transport equation in the present
version of the code system are introduced in Chapter 3. Simple validity
tests and their results are given in Chapter 4. <Chapter § is a guide for
users to prepare input data and the job control languages for the FACCM/
VP2600 ccomputer. Also, a brief description is given about the output data
on printer or disk.

The series of reports on the BERMUDA code system beginning from Partl

are completed with this PartIl.
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2. Derivation of Adjoint Neutron Transport Equation

In BERMUDA-1DNA, fission neutron source is not dealt with. The source term con-
sists only of an independent source and a scattering source. The independent source
$*1(7, 3) to be input to the present code is a quantity like Za(em™), which can be
input as either a point source or a volume source. It is necessary to be conscious of
that S*! and ¢ *' for the energy group i are not integrated values over the energy
range of group i like St and ¢ *, respectively, but ‘average values in the group i’

From the time-independent neutron transport equation®’, the forward form of it

is written using a symbol L as an operator,
s e @ =1¢ ¢ 53
=3 - gradd TE D+ @6 @R D)
—fiE‘de?'¢(?,E',6‘)23(?,?—»8,3'—'5). (0
The adjoint operator L¥ is derived from the relation® :
<gFLp>=<¢, L¥p*> (2)

where < f,g> means an inner product, ﬁ? dEﬁﬁf(?.E, 5’)g(?, E, 6), in which each

integration is performed over the full range of the variable.
Definite form of the left hand side of Eq.{2) is given as
<GE L >=ﬁ§dﬁfd§¢*(?,ﬁ. Y [T grade (B8 8)+ X (L E) ¢ (RE Q)
_ﬁajdﬁ" 6T E .0 )SHATE L, T-31. ®
‘With formulaze of vecter analysis:
. é 4 N . [4 ¥
div(iS2 @ )=Q - grad¢ (6 is a constant vector in respect of ‘grad’ ) and

¢ Fiv(T g ) =div(g*S ¢)— div(B %),
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the first term of Eq. (3) is written,

fdijd}ijdﬁ ¢ =3 . grad ¢

=jdgd§jd? [aiv(g*Q d)— ddiviT ¢™)]

=JdEJd3jd§’ 2.3 ¢¥¢ wﬁEfdgjd?qﬁ S? - gradg*® {4)

wherejdé’ means the surface integral over the outer boundary, and T is the outward

normal unit vector at s Here we impose the boundary conditions as:
- T
¢ =10 for n* ¥ <0 at the outer boundary and
-
p¥=0 for n+ Q>0 at the outer boundary,
then from Eq. {(4), obtained is

fdjdlijda @ £ . grad¢ = _jd}jdgdﬁ-)’ ) S? - grad¢ * {5)

The second term of Eq. (3) is easily transformed. The third term is transformed

- -
with interchanging (E, @) and (E', Q') with each other,

- -3 3 —_ R - -, =, -, el g
[drdedeqﬁ*(r.E,Q) [—fmﬁa b EE .0 )T EE =5 O —0)]
:firjdfjdﬁ’/:ﬂ:'fdﬁ" (3R E . 0 )6 (T S (CE—E, 0-0)]

- — - - - - - - —_ =
:ﬁjdgdw(r,ﬁ,m [J@Efdg'¢*(r,E'.Q')h(r.}zag',gam] . )
By the relations of Eqs. (§) and (6), Eq.(3) becomes

<¢*,L¢>:ﬁ§dgﬁ¢(}?}z,6) [0 - gradg *(TE 0) =5 (2 B) ¢ *(7 5 Q)
iy > e . - -
Mdede' ¢ *(r, B, Q@ )Y2 (1, E=E,Q-—-Q )1 .

Finally we obtain the adjoint c¢perator as
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S*(PE O)=L*¢ *(£E O)
-3 -
=— Q- gradgd*(TE Q)+ ST E) 6 *(TE Q)
. - % - , =, i d i b *'
—deJdQ ¥, E,Q YZ(r,E=F, Q-0 ). (7

In order to derive the multigroup equation, the adjoint neutron flux for group i

is defined as:

¢ ¥ (T, 5)=f * (T, E, 6)dE/AE1
AR,

wvhere AE; is the group energy width.
— —_
Discretizing the angular variable @ as Q,, and using the same kernel as in

Ref.1, the multigroup adjoint neutron transport equation can be written as:

- —
O argradg P E AT D e Q)

IMAX
=> qu 52T ) (ADw /A TK—n = D 5?5, ®)
i=1 n'

where IMAX is the number of energy groups.

From Eqs. (1), {(2) and {7), the relation
< g*F S>> =< ¢, 5¥> (9

is derived, which is used for validity tests of the present code, BERMUDA-1DNA,

in Chapter 4.
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3. Numerical Method to Solve Adjoint Equation
The reciprocity relation between scattering kernels
3 pl-ad.n'—an(dy — o 1—a§, n=2n"
A QX (H=AQnK ) (10)

is obtained from the equation writtenm at 3 lines below Eq. {3.22) in Ref.l. It is

rewritten as
-2 - . ) .
(AQw /AT K= (@) =i 2> (D),
and substituting the latter into Eq. (8), we obtain

— 3. gradd R T+ DT B

IMAX

=ZZ¢ *5 (2 8 K w e (B + 5% (F, Q). (11)
i=1 n'

So as to make Fq. {10) more accurate in numerical sense than the calculational
method for W¥p nw in Ref.1, twenty points of n in the domain £1§3n on the unit{ sphere
(twenty points of @ ,=cos8, on the longitude contained in A®.) is adopted, instead
of five points as in Ref.l, to calculate W¥, o values. And the average of the twen-
ty valueé is used aé the objective W¥, nw value. After that, A ¢ nw is obtained

in the same formula as Eq. {3.22) in Ref.1l, that is,
-> -~ P ™
Ad’n'nm':[z”AQn'/ AQLWn'Lm‘]wn’nm'-
L

The forward code, BERMUDA-1DN, has also been improved to obtain the same accurate

w*n' nm’ and A Gb n’ nm' values.

Next, substitutions 5n—>—§n and s’Sn-—>—§3n, are performed in Eq. (11). As
described in Ref. 1, §n's are defined with the Gaussian quadrature set of order 20,

>
s0 that — O o= 2q-n holds. Then

3. grads ™ @ ST DT -0

IMAX

— E ‘Z‘Qﬁ %3 (? man, YR (21-n' ) —»{(21-n) (?)+S$i(? __an)_
1=1

n’
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. = = . . -
Dencting —5,1 and —5,,- as @5 and Q2% , respectively, relations of n=21-n and

N =2i-n" are apparent from the symmetrical property of the Gaussian set. Then

3o gradg* T+ D o* (7 35)

TMAX

- § qu*u?, S (i TR @) 4 4 (R B 5.
J=1

n'

. - > >
Ir this equation, we write Fi(?lfin) in place of ¢*' (¥, Q5), so that FI1{F, Q)

obeys the same outer boundary condition as that for the forward flux & *(?,ESH).

> >
6n - gradf (T, Q)+ 2 (DFYE Qn)

IMAX

= E gFj(?,5,.-)1(1"’3';'—";(?)+S*‘(?,35).
j=i n'

From the symmetrical property of the twenty belt zones on the unit sphere in
the longitudinal direction (see the zone surrounded with dotted lines in Fig. 3.2 in
Ref. 1)

Kl——-&l.r?’—-;;(?) =K1%J.n’-._.;n (?}

is easily proved, so that the both sides of the above equation have numerically equal

values. Thus we finally obtain the adjoint equation to be solved numerically:

T gradP (PO S D E T

IMAX

. - : A . -
= > ZJ(?,Qn-)KI—”'““’”(?)%—S*l(?,Q;;). (12)
J=1 n"

Comparing Bq. {12) with the forward equation given as Eq. {3.25) in Ref.l:

Fogradg AT+ D (F R

i
:ZZKJ_”‘“'*”(MJ(? T )+5HE B ), (13)
J=1 n’

i IMAX

the differences between Egs. (12) and {13} are that g in Eq. (13) becomes E in

J=1 J=1



JAERI-Data/Code 94-002

— —
Eq. (12), and that Q. in 5! becomes Qs in $*'. The boundary conditions for ¢ ! and

F! are common.
-—
S*¥U(7Y Q.) is inverted in the order of n of Q.. after the values for $*' are
given as input data. Then Egs. {12) and (13) can be almost analcgously solved except

that Eg. {12) must be conversely solved from the energy Eroup IMAX consecutively up to

the energy group l.
. - N
After BEq. (12) is solved up to the group 1, the order of n of Q. in FY(T Qn) is

Y
inverted, and ¢ *'(T, Q,) is obtained

The definite formula of the scattering kernel isl’

gi—d.m "'*n('f):(l/ii?r)z isoi_’j(?)

-I-ZNm(?)J (dE/AEi)fdE‘[dﬁ'ZFLmig(E_,E.,E)’,__)-an)

AE: AE;, "AQ, b
where Fi.®' is the resonance self-shielding facter and has meaning only in the case of

elastic scattering (L=20). [If L+0, then Fo™i=1. The N® is the atomic number den-

sity for nuclide m.

In order to solve the Eq. (12), at first, for the thermal (IMAX-th) group, it has
become clear that a ‘Coarse Mesh Rebalance’ technique!’ is necessary like in BERMUDA-
90N ete. notwithstanding a one-dimensional code, because Y, is large in the thermal
group. So, the technique has been applied nct only to BERMUDA-1DNA, but alsc to the

one-dimensional forward neutron transport code, BERMUDA-IDN.
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.4, Validity Tests

The sample problem used for testing BERMUDA-IDN in 117 energy groups (Fig.5.1 in
Ref.1) is again chosen to test BERMUDA-1DNA as well as BERMUDA-1DN newly improved in
W*. nw and ‘Coarse Mesh Rebalance {CMR)’ calculations as mentioned in the previous
chapter.

The tests are performed using Eq. (9),
<@¥ S>=<¢,5%>. (9)

In the case of energy group model, ¢ and § in Eq.(9) are the integrated values over

the range of energy group width, whereas ¢ * and S$* are averaged values over the same

range.

BERMUDA-1DNA is tested for the following five preblems comparing the calculated
results with those from BERMUDA-1DN:

(1) 4 regions problem with the same configuration and composition as in

Fig. 5.1 in Ref.1,

{2) 6 regions problem made by dividing the second region of the problem (1),

containing Li»0, into three regions having equal thickness in T direction,

(3) 2 regions problem made by removing the outer 2 regions of problem (1}

{the regions of carbon and framework),

(4) 4 regions problem made by dividing the second region of the problem (3),

containing Lio0, into three regions having equal thickness in ? direction and
(5) 1 region problem made by removing the outer 3 regicns of problem (1).

For simplicity in comparing, all of five problems are calculated using an
isotropic point source of magnitude 1 at the origin. The forward calculations with
BERMUDA-1DN use the isotropic point source in the first energy group, and the adjoint
calculations with BERMUDA-1DNA use the isotropic point source in the last thermal

energy group (IMAX-th or 1iTth group).
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Then from Eq. (9), it is sufficient to show that
© 117 () = © *1(0)

holds, where ® s are the scalar flux defined as

20

cpi(o)=Z AB.4%(0, Ba) and

n=1

20

o*i(o)=ZA S.6* 0, 8,

n=1

respectively.
The results of the present tests are summarized in Table 1. The relative errors
are all less than faetor 3 or 4 after total 234 groups (ZX117 groups) calculations.

It can be considered that the availability of BERMUDA-IDNA is confirmed.

Table I Results of test calculations

Case No. @117 (0) & *1(0) ®*(0), /17 (0)
(1) 4.783%x 10710 1.463x107% 3.058
(2) 4.873x 1010 1.411%x10-8 2.895
(3) 4.804x10710 1.455x107° 3.030
(4) 4.837x1071° 1.399x10°9 2.892
(5) 3.954x 10710 1.527%x 10*2% = 3.863

2Por Case No. (5), $*¥117(0) is multiplied by 10*>° so as to avoid troublescme

underflows.
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5. User’s Manual

As the present code is programmed for one-dimensicnal spherical geom-
etry, the spatial point T in the previous chapters is written as r in this

chapter.

5.1 JCL

The JCL {a set of job control languages) for the BERMUDA-IDNA execution
on the FACOM/VP2600 computer in JAERI is as follows:

//ICLG JOB
// EXEC JCLG
//SYSIN DD DATA, DLM="++7
// JUSER XXXXXXXX, XX. XXXXXXXX, XXXX. XX
T.05 W.03 C.00 [.07 E.01 SRP
OPTP MSGCLASS=X, MSGLEVEL=(1,1,2),CLASS=2, NOTIFY=Jxxxx
OPTP PASSWORD=xxxxxxxx
//  EXEC LMGOEX, LM=J8091.BERMUDA, PNM=BERMIDNA *1
//FTO1F081 DD DISP=SHR, DSN=Jxxxx. FLUXIDNA. DATA ¢¥2
//FT02F001 DD UNIT=WK10, SPACE=(TRK, (100, 50)),DISP=(NEW, DELETE, DELETE),
7 DSN=&&WORK, DCB=(RECFM=VBS, LRECL=23472, BLKSIZE=23476, DSORG=PS)
//FTCAF00L DD DISP=SHR, DSN=J439B. BERM125X. DATA, LABEL={(,,, IN)
//SYSIN DD DISP=SHR, DSN=Jxxxx. DATAIDNA. DATA 5%

++

//

{($1Y There has already been 2z load module J90S1. BERMUDA. LOAD (BEEMIDNA)

prepared for a public use in JAERI.
[f necessary, a new load module is able to be created on a disk from
the scurce module J9091. BERMUDA.FORT77 (BERMIDNA). The JCL for creating a

new load module is as follows:

//ICLG JOB
// EXEC JCLG
//SYSIN DD DATA, DLM="++'
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// JUSER xxxxxXXX, XX, XXXXXXXX, XXXX. XX

T.03 W.01 C.08 1.02 E.02 SEP

OPTP MSGCLASS=X, MSGLEVEL=(1,1,2),NOTIFY=Jxxxx, PASSWORD=xxxxxxxX
//  EXEC FORTEXVP, S0=J9091. BERMUDA, A="ELM{BERMIDNA), NOVMSG", LCT=62
//  EXEC LKEDCTEX,LM=Jxxxx.BERMIDNA.UNIT=xxxxx.MODS='07,07,1'.A=MAP

++

//

These steps of compilation and linkage are executed rather rapidty on
the FACOM/M780 scalar computer. The new load module is applied by replacing
the above “LM=J9091.BERMUDA, PNM=BERMIDNA” *1’ with “LM=Jxxxx. BERMIDNA" .

{$2) The adjoint neutron flux file Jxxxx.FLUX1DNA.DATA has to be allocated

beforehand as:

//FTOLF001 DD UNIT=xxxxx, SPACE=(TRK, (60, 10)),
!/ DISP=(NEW, CATLG, CATLG), DSN=Jxxxx. FLUXIDNA. DATA,
/7 DCB= (RECFM=VBS, LRECL=23472, BLKS1ZE=23476, DSORG=PS)

This file contains the spatial distributions of angular and scalar
fluxes of adjoint neutron for all of the calculated energy groups. It can
be used for editing the output results with the forward neutron flux file,

Jxxxx. FLUX1DN.DATA., and the group constants library, J439B. BERM125X. DATA.

($3) The input data file Jxxxx.DATAIDNA.DATA has to be allocated beforehand

as:

//FTO5F001 DD UNIT=xxxxx, SPACE={TRK, (01,01)),
// DISP=(NEW, CATLG, CATLG), DSN=Jxxxx. DATAL1DNA. DATA,
/7 DCB=(RECFM=FB, LRECL=80, BLKS1ZE=3120, DSORG=PS)

The contents of this file are described in Sec. 5. 2. If the one line of

the JCL *®*3Y {s substituted with

//SYSIN DD *
(input data described in Sec.5.2]
/¥
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without allocating the Jxxxx.DATAIDNA.DATA, some trouble may occur in the
DTLIST routine {the subroutine for printing out initially the data in the
input gueue (SYSIN) in 80-bit image) in the new environment of the Operating

System concerning FORTEXVP, LXEDEX and LMGOEX.
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5.2 input Data

#01 (218) 1 line
- ITMAX : maximum number of iteration times for each energy grid of the
groups except the thermal group
(ITMAX=1, 2 or 3)

- I4 : selection of scattering cross section of Hydrogen in the thermal

group
1 » o o®=129.028barn for a simple H (free gas model)
= 2 g o8=46.367barn for H in Hz0 (Nelkin model)
3 «« g oH=30.798barn for K in polyethylene)
#02 (18A4) 1 line

- Problem title : any characters, numbers or blanks describing the problem

on columns 1~ 172

#03 (716, 2E12.5) 1 line

. IMAX : total number of energy groups for this problem (& 125)

- [P(=2) : geometry {sphere only)

- MMAX : number of kinds of mixture (=20)

- KXMAX : number of spatial regions (MMAX=EKMAX=120)
{(In a region, mixture is assigned to be homogeneous and mesh
sizes (Ar) are assigned to be equal to each other. A region
is namely a ‘Coarse Mesh.’ )

- IMAXL : total number of groups of the group censtants library used

(IMAXL= 125 for J439B. BERM125X. DATA)

+ [1LIB : group no. “on the group constants library” where the group 1 is

to be defined
(IMAX+[1LIB= IMAXL + 1)

In BERMUDA, the !1LIB-th group on the library is called as “group 1" .
+ 1PS : type of the fixed source
0 - volume source
[PS=

1 - point source f{only at the center of the sphere)
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- ER : upper energy (eV) for the group ! of the problenm
EUP(I1LIB+1)<<ER=EUP(I1LIB)
- EPS : convergence criterion (for angular flux) to be used to terminate

the thermal group iteration, or the grid iteration if convergence
is attained before ITMAX times

{(usually EPS=10"%) .

$04 (2013) 1 line
- (MM{MK).MK=1,MMAX) : number of nuclides to be included in each mixture
For a vacuum, assign one dummy nuclide which is contained in an-
other mixture. Input its code number in #0838 and atomic number

density (0.) in #08. (1=MM{MK)=10)

¥05 (1016) [(EMAX+9)/10] lines

The brackets [-+] means the integer discarding the fractions.

« (MR(K), K= 1, KMAX) : mixture no. (=MK defined in #04) to be assigned to

each region

#06 (1016) [(KMAX+8)/10] lines
« (INTER(X),X=1, XMAX) : number of mesh intervals between the ‘origin’ and

the outer boundary ¢f each region (even numbers only)

(2 < INTER{1) < INTER(2) < -~ < INTER (KMAX) = 260-KMAX)

$¥07 (10F6.3) [ (KMAX+9)/10] lines
- (DR(K),K=1, KMAX) : mesh size Ar {(cm} for each region

{not the region thickness)

#08 (1016) MMAX lines
- (MCODE (M, MK), M= 1, MM{MK}) : code no. of each nuclide in the mixture MK
defined in the group constants library used
(In case of using J439B. BERM125X. DATA, see Table 2.2 in Ref.l.)
The order of nuclides in a mixture is able tc be arbitrary
Repeat this in the order of MK=1,--,MMAX renewing the line for each

mixture.
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#09 (6E12.5) [{MM(MK)+5} /8] lines for each mixture
- (AN(M, MK), M= 1, MM(MK)) : effective number density (102%cm™*) of each
nuclide in the mixture MK
The order of nuclides in a mixture must be the same as in #08.
Repeat this in the order of MK= 1, ,MMAX renewing the line for each

mixture.

#10 (216) I line
+ N1 : the first mesh point no. to give spatial distribution of non-zero
independent adjoint neutron source in #11
- N2 : the last mesh point no. to give spatial distribution of non-zero
independent adjoint neutron source in ¥11
if IPS=1 in #03, then N1=N2=1. Otherwise, 1=N1I<NI= NMAX.
{NMAX: See (3) below.)

'n BERMUDA, the numbering of the mesh points is as follows:
(1) “t7 for the origin,
(2) doubly (twice) numbered as “INTER(K)+X” and “INTER(K)+K+1" for the
interface between the X-th and the (K+1)-th regions where k=1, -,
KMAX-1 (for treating spatial discontinuity of the macroscopic cross
sections and the source distribution at the interfaces) and

(3) “NMAX= INTER(KMAX)+KMAX” (=< 260) for the cutermost mesh point.

¥11 (6212.5) {[(N2-N1)/61+1} lines

- (SI(N), N=NL,¥2) : spatial distribution of independent adjoint neutron
source
Independent adjoint neutron source is given in the form of a
function with separation of variables as S1(N)XS2(I)Xx S3(L).
(Each of the Si, SZ and S3 should be normalized to its correct
magnitude, respectively. However, it is also valid that the
product of the S$I, $2 and $3 has the correct normalized value

for each energy group( * ).)
$12 (216) 1 line

- 11 : the first energy group no. to give energy spectra of non-zero inde-

pendent adjoint neutron source in #13
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- 12 : the last energy group no. to give energy spectra of non-zero inde-
pendent adjoint neutron source in ¥13
See Table 2.1 in Ref.l, but note that the group no. is defined
so that the I1LIB-th group in Table 2.1 in Ref.1 is ‘group 1.’
If the source is of mono-energy {monochromatic), I1=12= IMAX.

Otherwise, 1= I11<12= IMAX.

$13 (6E12.5) {[(12-11)/63+1} lines
- (82(1),1=11,12) : energy spectra of independent adjoint neutron source

(As an adjoint neutron source is a quantity like a macroscopic
absorption c¢ross section £ ,, S2(I) is given not as an integrated

value, but as an averaged valuec for the group i having energy

width AE:.)
The S2(1) is generally normalized to be 1 integrated over energy,

that is,

12

ZSZ(I)AE([):L

I=11

(However, note the provisao{ % ) under #11.)

#14 (218) 1 line
L1 : the first ordinate no. to give angular distribution of non-zero

independent azdjoint neutron source in ¥13

. L2 : the last ordinate no. to give angular distribution of non-zero inde-

pendent adjoint neutron source in #13
If the source is isotropic, then Ll1=1 and L2=120. And if it is

mono-directional, then L1=1L2. Otherwise, 1=Ll<L1%120.

#15 (8E12.5) {[(L2-L1)/61+1}) iines
« ($3(L).L=1L1,L2) : angular distribution of independent adjoint neutron

source

The $3(L) is generally normalized to be 1 integrated over the
unit sphere, that is,

L2

17 E WLS3(L)=1,

L=L1
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An example of input data for the BERMUDA-1DNA code is shown in Fig.1l.
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5.3 Output Data

The output data of BERMUDA-IDNA are stored on the magnetic disk FTO1L
{(Jxxxx.FLUXIDNA.DATA; see Sec. 5.1 {($2) )} and are also given on the printer.

The data on the output disk are the following FORTRAN records repeated

IMAX times for each greup i (i=1, -, IMAX) in the binary form,

((PHIA(L,N),L=1,20),N=1,260), (TPHIA(N),N=1,260),

¥here PHIA(L,N) : & *'{rn wL)
{(without component of uncollided adjoint neutron flux),

20
TPHIA(N) : ©*'(ry)=2n E Ko ¥ (rn o)+ 0% (ry)

L=1
{scalar adioint neutron flux) and

O ' {ry) : uncollided adjoint neutron flux.

The data on the output print are as follows:

{a) list of input Tile Jxxxx.DATALDNA.DATA (see Sec.5.1 ($3) ) like

Fig.1,
(b} list of the main input parameters with explanatory captions,

(The items (c)~(g) below are repeated for each energy group i in the

reverse order {(i= IMAX, -, 1}.)

(¢) CPU+VU time (sec) accumulated from the start of computation (EXEC
LMGOEX) until the end of each main calculational item,
(d} when the convergence has been attained or ITMAX iterations have
been finished for the first {(chronologically last} grid,
- adjoint neutron balance parameters; F, GAIN, ABBS, SELF, XLEK
{see Sec.3.7 in Ref.1) for F'(rw wy) in Eg.{12) integrated

over the entire spatial! region dealing with it as a single coarse

mesh region,
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« group no. i, iteration times IT, residual VERGF,

where VERGF=ma x | {F' YT VD (ry, o)/ F'*3 T (rn, 0udl-1{ <e,
N, L
(N.L : except the cases where F* T (ryn, woL)=0),

IT : jteration times (IT=1,2, -},

(As the energy grid model is used for groups except thermal, these
printed adjoint neutron balance parameters and VERGF are meaning-

less for those groups, because the iteration is terminated by I1TMAX
(ITMAX=3) times. In addition, these parameters are obtained only

from the data of the first {chronologically last) grid in the group
i)

{e) integrated scalar adjoint neutron flux for each spatial region k

(k=1, -, KMAX),

JdV(D’“(r),

Vi

where Vi : volume of the spatial region Kk,

dV=4gr%dr,

(£} « the upper energy boundary EUP(i) (eV),
.+ the lower energy boundary EUP(i+1) {(eV},
+ the energy width AE; (eV},
(g) scalar adjoint neutron flux ®**{ry) for N=1, -, NMAX and

(h) angular adjoint neutron fiux ¢ *' (rn. @) without the uncollided

component for the spatial region 1 only for the groups 1 and TMAX.

The STOP code 2222 indicates that the input fixed adjoint neutron scurce

for the group [MAX is zero.
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6. Concluding Remarks

An adjoint neutron transport code named BERMUDA-1DNA in the radiation
transport code system BERMUDA has been developed for one-dimensional spher-
ical geometry.

To solve the adjoint neutron transport equation numerically, the deter-

ministic direct integration methoed is adopted in a multigroup model, same as

7 Use

in the regular (forward) neutron transport codes reported in Part 1.1
of the Legendre polynomial expansion is avoided in representing the strong
anisotropy of angular flux, and also in calculating numerically the group-
angle transfer matrix from the double-differential cross section. For the
energy groups except the thermal one, a fine energy grid method dividing an
energy group into ten subgroups having equal lethargy widths is also applied
as in the forward neutrcn transport codes.

A Coarse Mesh Rebalance (CMR) method is essential especially when an
adjoint point source is given in the thermal group, because the abscrption
cross section is so large in the low energy region that the spatial distri-
bution of scalar and angular fluxes attenuate to 1073° or less. The one-
dimensional forward neutron transport code, BERMUDA-1DN, has alsc been im-
proved to perform CME in each spatial region.

Both of the BERMUDA-1DNA and the BERMUDA-1DN codes have been enhanced
in accuracy to caleulate the azimuthal weight of scattering angle W*, nm
by averaging the values at ‘20" points of n in the angular mesh region [&E?n.
The azimuthal angle weight was formerly obtained by averaging the values at
only ‘5’ points of n.

Validity tests for BERMUDA-1DNA have been performed giving an isotropic
point source in the lowest energy group, by comparing the results with those
from BERMUDA-1DN being given an isotropic point source in the highest energy
group. Five configurations have been used in these tests. The comparison
has shown a satisfactory agreement, so that the validity of BERMUDA-LDNA 1is
confirmed te calculate accurate adjoint neutron flux ¢ *5(Z, G o), which is
necessary to sensitivity analyses or perturbation theory calculations.

The compiler for the supercomputer used in JAERI was changed in 1993
from FORTT7YP to FORTEXVP and its optimization level has become higher. Sc
the total nine source programs in the BERMUDA code system have been updated

to be suitable to the new compiler.
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Containing the revised BERMUDA-1DN, the source programs cf the follow-

ing nine transport codes:

(1) BERMUDA-1DN,
(2) BERMUDA-2DN,
(3) BERMUDA-2DN-S16,
(4) BERMUDA-3DN,
(5) BERMUDA-1DG,
{6) BERMUDA-2DG,
(7) BERMUDA-2DG-S16,
(8) BERMUDA-3DG and
($) BERMUDA-:DNA

will be available to the public within 1994 through the Code Center of JAERI.
The Code Center is acted by the Nuclear Energy Data Center (NEDAC) formally
from April 1994.

The work in these fifteen years has finished with the publication of

the present report.
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