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The PALLAS-PL,SP-Br program is the revised version of the
old PALLAS-PL,SP code which has been developed in 18973 on the
basis of a method of direct integration of the Boltzmann
transport eguation to describe neutron transport in one-
dlmen510nal plane and spherical geometries. The revised

: version can treat transport of both neutrons and gamma rays, in
E particular of secondary gamma rays including the bremsstrahlung

and the annihilation photons. The document gives a full
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description of theoretical calculation, input and output data,

as well as code implementation information and a description of

several demonstration problems.
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Pregram Abstract

Name of Program: PALLAS-PL,S5P-Br

Computer for which designed or operable: FACOM M-200 and
IBM 370/168

Nature of physical problem solved: PALLAS-PL,SP-Br solves
the steady state Boltzmann transport equation in one-
dimensional plane and spherical geometries. It can

solve also the transport of secondary gamma rays such

as bremsstrahlung and annihilation photons. Application

is restricted to a fixed-source problem.

Method of solution: The method of direct integration of
the transport equation is used, in which the equation
is integrated along the flight path of radiation in
the direction of motion at each discrete ordinate
direction. Anisotropic scattering is treated
precisely using differential scattering cross sections
for elastic scattering, however isotropic scattering
in the laboratory system is assumed in inelastic
scattering of neutron. No iteration and convergence
techniques are used for obtaining the flux.

Restriction: About 400K words are required for the total
core storage for 70 spatial,®30 angular and 45 energy

meshes in bremsstrahlung transport calculations.

Usual features: Fixed dimensioning is used, so that always

200K core storage is required for no bremsstrahlung
transport calculation. Nuclear data for neutron

and secondary gamma rays are read in from the PALLAS
library tape (or disk). Coefficients for linear
attenuation, pair production and photoelectric effect
of gamma rays are interpolated for specified energies
from the PALLAS gamma-ray library in the code, where
the data for discrete energies from 0.01 to 20 MeV
are given for the same nuclides and materials as those

of neutrons. Similarly, the flux to dose conversion
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fator for exposure dose, dose equivalent and absorbed
dose alse are interpolated.

Special features: The differential electron production
cross sections relating to the pair production reaction
are calculated within the code, also the differential
bremsstrahlung gamma-ray production cross sections
and the stopping power are calculated within the code.

Typical running time: About 0.0009 sec/spatial mesh/group-
is required as cpu time on FACOM M-200,

Machine redquirements: Card input, printed output, and
scratch data sets may be located on defined external
storage device.

Language: FORTRAN IV

Material available: Input description, source deck for

FORTRAN routines and sample problems.
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2. Introduction

The EALLAS-PL, SP-Br computer programme solves the energy
and angular dependent Boltzmann transport equation with general
anisotropic scattering in plane and spherical geometries.
Principal applications are to neutron and gamma-ray transport
problems in forward mode. The code is particularly designed
and suited to the solution of radiation shielding problems with
external source.

The code has been designed based on a method of direct
integration of the transport equationl)z), in which the equation
is solved by integrating along a flight path of radiation in the
direction of motion at each discrete-ordinate angle. The
specific features of this method are that (1) the radiation flux
is calculated at each energy mesh ( n/cmz-sec-(sr)-MeV } without
using any conventiocnal iterative techniques used widely in Sn
method for obtaining group flux at each ehergy group, and (2)
the scattering calculations are made directly using the
differential scattering cross section for neutron and the Klein-
Nishina formula for gamma ray3). Thus a Legendre polynomial
expansion approximation used widely in Sn method is not applied
to the calculation of radiation scattering. As a result
the PALLAS can provide always positive and physically
meaningful angular and scalar fluxes. Besides, (3) no
supplementary difference equations are required to obtain a
solution to the flux, which makes users free from bothering
about choice of such modes as "diamond difference", "step
function" and "weighted difference" equations. By virtue of no
usage of average flux, the PALLAS can be applied to even such
problems as violently varied angular and spatial distributions
of radiation flux4). In contrast, one-dimensional Sn codes
calculate the transport equation based on the average flux for a
cell with each pair of associated cell face fluxes in the three-

dimensional finite cells defined in terms of location, directiocn,
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and energy phase space variables. The most underlined feature
is to deal with transport of secondary photons produced by
reactions of bremsstrahlung and annihilation5).

The weak point in the present PALLAS-PL,SP-Br code is that
it has been written in the fixed dimensioning, which restricts
the numbers of energy meshes, material regions, nuclides,
angular meshes, spatial meshes to be inputed.

Both the neutron and secondary gamma-ray production cross
sections for PALLAS-PL,SP-Br are taken from the PALLAS neutron
library. The gamma-ray cross sections are also taken from the
PALLAS gamma library, however gamma-ray scaﬁtering cross
sections are not required by virtue of direct use of the Klein-
Nishina formula. Both the data for electron production
resulting from pair creation reaction and for bremsstrahlung
photon production are calculated in the PALLAS-PL,SP-Br code.

The original PALLAS-PL,SP . = code was written for IBM 360

6) to calculate neutron transport in shields.

computer in 1973
Revisions have been made to the old version so as to calculate
transport of gamma rays including bremsstrahlung and
annihilation photons as well as secondary photons resulting from

rieutron reaction.
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3. Theory
| The steady-state radiation transport equation is written
with usual notations as

ive + £ (¥,E)¢(x,,E)

[rde'ag! @(f,ﬁ',E')ZS(E,E'+E,§'+§) + s{r,Q0,E). (1)

The above equation can be rewritten in the following
integral form on the basis of a condition of a constant total
cross section within any spatial interval (r*,r):

$(,0,B) = ¢(x',0,E)exp(-I R} + f% Q(F", &, B)exp(-I R')dR",

(2)
where R=|f-z'|, R'=|T-r"| and r"=r-r'@®, and ztzzt(f",E)=
constant. Further, _

ot{r,Q,E) = ffzS(E,E'+E,§'+§)@(E,§',E')dﬁ'dE' + s(r,Q,E).
(3)

The direction of radiation flight Q¢ is represented by
discrete-ordinate directional meshes wp {(e=cosb and © is the
polar angle).

(1) Evaluation of the source term o(r,w,E)

In order to perform numerical integration of the first term
on the right hand side of Eq.({3), the flux is transformed into
the energy flux I(r,w,E):

I(r,w,E) = E¢(r,u,E).

The differential scattering cross section is repreéented by
(A+1)2
2AE"

for neutron elastic scattering,
f. (E'-E)

_ - in
- Zin(riEl) 4T (5)

zS(E,E'+E,ﬁ'+ﬁ> = Eeltf,E')fel(E'.uJs(cose—a) (4)

for neutron inelastic scattering,
2
C

- m
= n(r)%%(E‘,@) 22 8 (cosB-a) (6)

for photon compton scattering,
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where Eel(f,E) and Zin(f,E) are respectively the total elastic
and inelastic scattering cross sections, A is the mass number of
nuclide and p is the cosine of the polar angle of elastic
scattering in the center of mass system, while o is the cosine
of the same angle in the laboratory system. The azimuthal
angle of elastic scattering is represented by V. Further,
fel(E,p) is the scattering distribution function and is

normalized to 1.0 as
1 _
2ﬂf_l fel(EfU)du =1, (7)

and fin(E'+E) is the slowing down probability assuming that the
inelastic scattering is isotropic in the laboratory system.

For compton scattering the cross section is exactly
represented by the Klein-Nishina formula, so that the scattering
kernel K(E',E) is derived from the Klein-Nishina formula: The
Klein-Nishina formula is expressed in terms of energy or the

compton wavelength as

do _ 3 E . 2,E _E' _ _.2
a0 " TeHp T 5T T E sin”6) , (8)
or
do _ 3 At 2 0t A s 2
I = TE?UT(K_) (35— + 17 sin” 8}, {9)
where the Compton wavelength is given by
2
m. C
_ 0 _0.511
A= E(MevV)  E , : (10)

and uT=0.665 {(barns/electron).
Consequently the scattering kernel K(E',E) is used in the

expression (6), written as
C ey = 3, (B E L EL 26

There is a relation between the energy variation and
scattering angle:

E = g (12)
l+(E'/m0C y (l-cos®),
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thus
-sin28 = -l+cos?8
m C2 . m 02 S m C2 m C2
a2 - (- 22
E' E E! E '
The expression (11) is rewritten as
2 2
cC m,C
\ 3 JE L E | E' ™o 0
K(E',E) = §UT(E.)[ET gt 2( S )
m C2 m C2
(2 - 27
E? E !
and further
, AN A
RO = S Qe+ v 200-n + a0

(13)

(14)

(15)

The remaining unknown variable n(r} in the expression (6) is the

electron density.
In the subsequent discussion the spatial variable r 1s

expressed by X. The neutron elastic scattering source Q
E) is written in terms of energy flux as

O (x,w,E) = 1T ) (BN E ) (' )6 (cos6-a)
, |
B Eri(x,0',E') dedydE" .

From the relation between pu and E of

(a+1)? | E

W= 1= -3 B
gg' = —2B £ au
(a+1)2 B

Then the above expression (16) is rewritten as
N —_ 1 L} L} 1
Qel = ffEel(x,E )fel(E yMI(x,w' ,EN)dudy.

Numerical integration on u is carried out by using Gaussian

quadrature, in which £ l(E';u) is represented by fm(E') at

(err

(16)

(17}

(18)

(19)

discrete meshes Mo (m=1,2,~---,M). In order to carrying out the

numerical lntegratlon over the azimuthal angle Yy, we represent
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it by finite mesh points wn(n=l,2,———,Q) in accordance with the
meshes wq(q=l,2,—~*,Q) defining - the discrete angular points of
radiation moving direction (Fig.l). The relationship between the

scattering polar angle and azimuthal angle is represented by

/2

coshb' = ¢cosd cosd + [(l—cosze‘)(l-'-cosze)]l cosy, (20)

and then
w' = wa +[(l—w2)(l—u2)]l/zcosw. (21)
Here 6' and 6 are the direction angles of radiation before and
after scattering. Further 0 and o are the scattering angle and
its cosine (a=cos®), respectively.
When we define U=H then an is determined from
Apm+l

u =
m (A2+2Aum+l)l/2.

(22)

Consequently wn is determined using the relations of (21) and

(22) for a certain direction w=wp as

W —w_ o
n

Y= Plw ,w_,o ) = cos | p I }. (23)
n n"p’m [(l_w2)(l_a2)]lf2
P m
The weight for wn is defined by
- u _ L
w o= 1w(wn,mp,um) w(wn,wp,um)i, (24)

where wE and wi are the values of upper and lower bounds of W,

range respectively.
Now the expression (19) can be numerically evaluated for

w=w_at X as
P

N _ m
Qel(x'wp'E) = IZMZIWmWn Zel(x’E(m))f (E(m))l(xrwan(m))f (25)

where Wm is the weight for u=U in the Gaussian quadrature, and

E is determined for E=Ej and U= from

(m)
__mn? g (26)

E
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For simplicity in practical calculations; both the
radiation flux and source at the energy point E(m) are chosen in
the following manner. First, the energy mesh Ej is basically
chosen at a midpoint of the Ej energy region, except for the
energy mesh Ej—l which is just above the energy mesh Ej of
interest. The energy region of Ej—l is defined as illustrated
in Fig.2, which ié for the purpose of avoiding the use of
iterative calculétion for obtaining radiation flux. Then if
E(m) determined by Eg.{(26) belongs to the energy region of k-th
energy mesh Ek’ the values of Zel(Ek), fm(Ek) and I(Ek) are
chosen for thosge of Eel(E(m))' fm(E(m)) and I(E(m))'

The neutron inelastic scattering source Q?n is numerically
evaluated on the basis of an assumption of isotropic scattering
in the laboratory system:

fin(x,E‘,E)E

N - ' ' '
Qin(x,w,E) = IZin(x,E ) IO(X,E ydE', (27)

4ME"

where '
IO(X,E') = 21SI(x,w,E'}duw. (28)

The expression(27) is readily calculated for the energy mesh Ej

as
f.n(E +E.)E,

N _ Jsl L
TE
k
. L. (E, ,E.)E.
_ Jgl "in k'3
- kél 1 IO (X'EK)AE]{' (29)
WEk

where Zin(Ek,Ej) is the macroscopic differential inelastic

scattering cross section for each nuclide.
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The gamma-ray scattering source is evaluated based on the

Klein-Nishina formula, which is written in terms of energy flux

as
G Ldo moC? g =
o (x,u,E) = //n(x)ss —— (=) 8 (cosb-a)I(x,w',ET}dR'dE"
di E2 E
(30)
mgC2
= ffn(X) Q ——2—' (E|)I(X,w',E')dﬂJdE'
moC2
Y O (31)
ET
or
2
G B dg MmoC (E
Q (X,UJ,}\) —ffn(x) m'? E)I(xw?\ )dw( )d)\'
- rmei=Ghror g Enron Goasar
- ffn(x)lf—%ﬂ—'ml I(x,0",2")dYdr" (32)
The integration over y is carried out in the same way as in the
neutron elastic scattering integral calculation. In the gamma-
ray calculation o =M and um=l+Am—A. Consequently
( ) L rem (33)
U = Ylw_,rw_ru = COSs
n’Tp’m [(1-02) (1-3) /27"
and
u
¥ lwp e i) w(wn,wp 0 (34)

Numerical integration of Eq. (32) yields

KX, ,AL)
G %) k3
0 (x,wp,hj) = W n{x) - I(x,wn,lk)ﬂkk. {35)

From the calculations described above, the source term
0(x,w,E) is numerically evaluated for a set of discrete meshes
(x=x.,w=w_ and E=E_.} as

1 P : ]

N N

(36)

for neutron,
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_ .G
= Q (Xi,wp,lj) + S(xi,wP,Ej) (37)

for gamma ray,
where S(x,w,Ej) = Ejs(x,w,Ej), (38)

and s and § are respectively the external source and energy
source. Consequently the neutron source term can be evaluated
from the expressions (25) and (29), and the gamma-ray source

term can be evaluated from the expression (35).

{2) Calculation of the integral transport equation

Since the source term Q(x,w,E) has been numerically
evaluated in the previous section, Eg.(2) can be numerically
calculated. The equation (2) is rewritten in terms cf energy

flux in one-dimensional geometry as

I(x,0,BE) = I(x',0,E)exp(-Z.R) + ng(X",m,E)exp(—ZtR')dR‘.
(39)

First, the spatial variable is partitioned into xi(i=l,2,—~—,
MRR), in which the cross section is constant in any spatial
intervals (xi_l,xi). Next, the source term Q must be
approximated by some simple functions with respect to x so that
the integration over R' can be carried out. In the original
PALLAS-PL,SP code, a linear function approximation with respect
to x has been applied. Later N.Sasamoto has introduced an
exponential approximation4) for this function in order to
yielding more accurate solutions in attenuating media in shields
even in the case of rather rough spatial mesh intervals.

The former approximation enables us to perform numerical
calculatioﬁ of the integration over R':

O(x",w,BY= Q(x") = a+bR',
then
1

fg(a+bR')exp(—ZtR‘)dR' = =
IR
t

{Q(xi)[ZtR + exp(—EtR)—l]
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+ Q(x;_;) [1- (142 Rlexp (-, R} ]}. (40)

On the other hand, the latter approximation results in
Q{x",w,E) = Q(x") = arexp(bR'},

then _
{Q(Xiﬂl)exp(-EtR)-Q(xi)]R

Qx, ;!
In - Z,R .
Q(xii t
(41)
Since the first term on the right hand side of Eq.(39) is

fR

0 a-exp(bR')exp(—ZtR‘)dR' =

an analytical expression, the numerical error in a solution of
the integral transport equation depends on that of the numerical
integration of the second term. in the current PALLAS-PL,SP
code, the choice of the expression (40) or (41) is determined
depending upon the ratio of Q(Xi~l)/Q(Xi) except for Q(xi)=0:
For 1/25Q(xi_l)/Q(xi)52, the expression (40) is automatically
chosen in the code, while for ratios other than the above range
the expression (4l1) is chosen. In the case of Q(xi)=0, the
expression (40) is chosen in the code.

From the integral calculation described above, the
integral transport eguation {39) is calculated, which is written-
with the notation of the energy flux in one-dimensicnal plane or
spherical geometry as

I(xi,wp,Ej) = I(xi_l,wP,Ej)exp(aEtRi)

for plane geometry,
— L T _ 1

(43)
for spherical geometry.

Here

I(x. ,EL) = ELO(x, 0 ,EL),
( l'mp ]) 3 ( it Pr ])
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*i%i-1
R, = |#~a——~—| for plane geometry (44)
P
= ]riwp—r‘m‘| for spherical geometry (45)

F[ ] = expression (40) or (41).
For T(r',u') and Q(r',w') in spherical geometry, in general a
set of meshes (r',w') is not coincident with a set of meshes
(rj,wq), which inevitably reguires interpolation for estimation
of I(r',w') and Q(xr',w'). When r'=riil and wp—l<wp<wp+l’ both
I{(w') and Q(w') are obtained by applying a . linear interpolation
with respect to szcos Tw in the current code (Fig.3A). While

for w'=w and ri_l<r‘<r. both I{r"') and Q(r') are obtained

pxl i+1’
by applying a linear interpolation with respect to r(Fig. 3B).

The value for r' or 6' is determined referring to Fig.d as

follows:
. .
i) For 0<mp<l and r Tioqv
r. .
or = sintci— /1-07). (46)
r, p
i-1
ii) For O<wp<l and w‘=wp+l,
1—w2
r‘=ri7.=—__—%==z
=04y - (47)

e _ —
iii) For l<wp<0 and r Tiipe

-1,%i 2
g' = 7 - sin "~ ( 1-w®). (48)
T
i+l P
iv) For —l<mp<0 and w'=mp+l:
l—w2 .
r' = r. {(49)
1 l—wz .
p+l
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(3} New technique for treatment of the within-group scattering
radiations instead of applying an iteration technique
Those radiations scattered within a certain small angle may
be considered approximately as unscattered. PALLAS code

calculates the within-group scattering radiations on the basdis

of this approximation: The radiations scattered within a
certain small solid angle Aﬁp from their flight direction of ﬁp
are treated as unscattered. From simplicity in practical

PALLAS calculations, this small solid angle is assumed to be

constant for all the flight directional meshes assigned in

advance. In the current PALLAS code it is assumed that
AD = ZﬂAul and Aul = Wl for neutron, where Wl is the weight of
4, in Gaussian guadrature, and Au; = (Aj—kj“l)/4 for gamma ray.

Consequently the scattered radiations to be treated as

unscattered are calculated as

y ) .
Qel(x,wP,Ej) = 2wwlzel(x,Ej)f(Ej,ul)I(x,wp;Ej) (50)
for neutron,
G K(x.,2.)
of(x,0 ,E.) = 2m(x) — 3 I T(x,w_,E.)AA, (51)
P o : P 3 3

for gamma ray.
The radiations scattered inelastically within group are ignored

because of general use of fine energy mesh intervals in MeV
region.

Subtracting the expression (50) or (51) from the both hand
sides of Eg.(l), we obtain the following eguation with the

notation of the energy flux for w=wp and E=Ej
QVI + ¢ JEVT (%, E.) - A(x,E.)I(x,w_,E.
t(x ]) ( wpr 3) (%, ]) ( ' pf J)
— 1301 1 ' 1 ' o150
= JSAE'dQ (Ej/E yI{x,w',E )Zs(x,E +Ej,ﬂ +QP)
- A ENI{x,w ,E.}) + &5 E.), 52
(%, j) (%, o 3) (x,wp. j) (52)

where
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A(X,Ej) = 2ﬂwlz l(x, JE(E, ,ull (53)
for neutron,
= K(A., A )A4x,
n(x)K( 57 ]) 3 (54)

for gamma ray.

The above eguation (52) is rewritten in a form

> 1 _ v - A
QVI+ZtI = IE>E‘dE IQ,#Q 4an (Ej/E)IZS+S, (55)
J P
where
Eé(x,E) = Zé(x,E)-A(x,E). (56)
The final equation (55) can be rewritten as
I(xi,mp,Ej) = I(x l,w j)exp(-ZéRi)
] 1
where
' _ N N '
Q'(x) = Qel + Qin + S (58)

for neutron,
- 0%+ (59)

for gamma ray,

and
N M m
e1 ™ mE2 & Pmnle1 ¥ ( ) ) BB () VT (Rs 6 0By ) o (60)
¢ _ Jgl oy (%) K rty) A ) AN (61)
Q = L] g wynix (x,mn, LI

Consequently the final expression for computer calculation

is written instead of Eq. (42) or (43) as

I(xi,mp,Ej) = I(x l,wP,Ej)exp(—E'Ri)
+F[Q' (Xi):Q (x i- l) rR ] (62)
for plane geometry,
— ] 1 -5t 1 t 0 '
I(ri:wprj) = I{r',w ;Ej)exp( ZtRi)+F[Q (ri)lQ (r )'Zt'Ri]
(63)

for spherical geometry.
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where Zé is obtained from Exp.(56) and Q' from Exp.(58) for

neutron or Exp.(59) for gamma ray.

(4) Secondary gamma-ray source produced by neutron reaction
Expressing the secondary gamma-ray source by s(x,w,Eg) at a
gamma-ray energy mesh E}, we obtain the following expression:

s(x,w,EWj’) = ﬁ—ﬁ ZnY(x,Ei+E;)¢>O(x,E§)AE£. (64)

z
k
Here Zny is the macroscopic neutron reaction creoss section by
which gamma rays of energy Eg are produced per unit MeV by a
neutron of energy EE, and @0 is the neutron scalar flux at

energy Ei and AEE its energy width.

5)

(5) Annihilation gamma-ray source
The secondary gamma-ray source resulting from positren

annihilation is calculated from

Yy = 5 2_ Yve (x.EV)ARY
s(x,m,EQ) i i pr(x,Ek)®0(x,Ek)AEk. {65)

The above expression is based on an assumption that the
annihilation gamma rays are created at the point where the pair
production reaction occurred and emitted isotropically. In the
expression E1=0.511 MeV and pr is the macroscopic pair

production cross section.



JAERI-M 9695

5)

(6) Bremsstrahlung photon  source
First, we must evaluate the electrons produced from the
main primary gamma-ray reactions such as Compton scattering,
pair production and photoelectric effect. The Compton
scattering electrons are calculated from the gamma-ray
scattering source due to Compton scattering. Expressing the
Compton scattering electron source by sZ(x,w,Ee), we can cobtain

the following expression.

G
c e, _ 1 Q (X, w,A) e _v' &Y
se(x,w,E ) = Z?[Zﬂf = du] §(ET-E' +E'), (66)

where Ee,EY' and EY are respectively the energies of emergent
electron, incident and emergent gamma rays, and QG(x,m,A) is the
gamma-ray scattering source written in terms of energy flux,
obtained from Eq. (32). The above expression is derived based
on an assumption of isotropic emission of electrons for
simplicity in practical calculation, although the moving
direction of a recoil electron can be precisely determined from
the formula of Compton scattering.

Pair production electrons and positrons are calculated
pased on an approxXimation that both electrons are emitted within
a certain small solid angle around the direction of the primary
gamma ray: The mean small emission angle 6 can be

7)

approximated simply by

o= myc2/EY . (67)
The energy spectrum of pair production electrons (also
positrons) is determined based on the method of Bethe and
Heitler7). Conseguently the pair produced electron source
sg(x,m,Ee) ig evaluated as
A o

] 1
sP(x,u,ES) = f max2 m(x)o_ (x,EY JEEY +E®)
€ 2m,.C PP
0

] 1
« folx,0',EY Jaw'ae’ , (68)
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where cpp(x,EY) is the microscopic pair production cross
. e o , . . .
section and f(EY+E ) the probability distribution function,
which is calculated from
e
oo (E',E)

£(E'+E®) = - Y (69)

E
; max

5 O, (B ES)aE®
2m C ¥
0
Further, Eiax is the maximum kinetic energy transferred from the
incident gamma-ray into pair produced electrons:

- gy _ 2
E ax = F 2m0C . (70)

The above expression (68) can be numerically evaluated only if
the matrix f(EY,Ee) is known, which is written for a set of

meshes (wp,Ee) as

L
sP (x5 +ES) = 2n(x).5-03 £37 %Y £ w o(x,u_,EY), (71)
e p’TL j=1"pp ig ¢« a’"3
where
2
EK > 2m0C
and for wq that satisfies the following relationship
1 > w—-cosd, » w_ » w+ cosd, > -1, (72)
= P J] = a= P 1 =
w_ = Aw /ILAw 73
q p/q g’ (73)
further
2 .Y
8, = m,C"/E.. 74
5 = moC /E] (74)
The differential pair production cross section is calculated
based on the Born approximatiocn formalisms);
er 2 p.p p2+p2
Y ey _ 0, T+- _ 4 _ + 5=
Gye(E E7) = 137 3 { 3 2E\E_
- E P P_
E e e E €, E
2.2, %+ +o- +5-
+ (m.C7) 7 ( + - )
0 3 3
° P PyP_
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2

E 2.2 2.2
+ Ll—=5— (BJE_ + P, p_)
PP
2,2 2
g BB (m,c*) B (E+E_rp_ ]
3 p,P_ 2p,P_ 3 -
E E —p2 2EE E
+7- 4+ +7 =
M el v SRR (75)
oy PLP_.

In the above exptression,

E = EY/mOC2 (gamma-ray energy in mOC2 units),

E, = (Ei/m0C2)+l (total energy of positron in mOC2 units),
E = (Ef/m0C2)+l (total energy of electron in mOC2 units),
p, = [(Ef/moc?‘)2+2(E4e_/moc2)]l/2 (momentum of positron in
mOC units),
p_ = [(E?/mocz)2+2(Ef/mOC2)]l/2 (momentum of electron in
mOC units},
v = atomic number of target material,
ry = e2/m0C2 = 2.SZXI0—13 cm (classical electron radius),
E +p
e, = 2 log hi 2+
E_+p_
e = 2 log
- 2
mOC or
E+E_+p+p_+(mOC2)2
L = 2 log, 5
mOC E

Further, the gamma-ray angular flux @(x,m,EY) is directly

obtained from the calculated energy flux:

o(x,0,E7) = I(x,u,))/E". (76)
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Finally, the electrons produced by the photoelectric effect

are calculated based on an assumption of isotropic emission of

electrons:
Ph e, _ 1 Y Y
e__Y =
x §(E -E'+Eg,)dQ, (77)
where GPh(x,EY) is the photoelectric effect cross section and
EBK the binding energy of K~shell electrons. The binding

energies of the other shells are ignored.
From the above calculations, the total electron source

se(x,m,Ee),is obtained by summing the three electron sources as
se(x,w,Ee) = sz(x,w,Ee) + sz(x,m,Ee) + szh(x,w,Ee). {78)

The electron energy slowing down calculation can be made
using the continuous slowing down model, since it may be assumed
that the bremsstrahlung photons produced by primary gamma rays
below 10 MeV originate at the spatial mesh point where the
primary gamma-ray interaction occured. Consequently the
electron angular flux ¢(x,w,Ee) ig calculated using the electron
stopping power St(Ee) as

e

max e
/ c se(x,m,E )dE

b (x,u,ES) = —= (79)

St(Ee) '
where Eiax is the maximum energy of electrons produced from the

el

three primary gamma-ray interactions.

In general the bremsstrahlung photons produced from a
high energy electron are emitted within small angular cone
around the direction of electron motion, however, its emission
angle becomes.wide with decreasing the electron energy. Then
we adopt the same simplified approximation for the emission
angle as in the pair produced electrons:

_ 2 e 2
em = mOC J{E+ mOC ). (80)
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The bremsstrahlung photon source is calculated from

e
sy(x,w,EY) = f $ax N(X)UB(Ee+EY)¢(X,M,Ee)dEe
E
Ee
L} 1
e I gax se(x,m,Ee ) ae®
j max N(x)cB(Ee+EY) E —
EY st (ES)

% dEe, (81)

where N(x) is the number density of target material and
GB(Ee+EY) the bremsstrahlung production cross section, which is
calculated with EELOSS codeg) implemented as one of subroutines
in PALLAS-PL,SP-Br code. The data for this cross section are
calculated based on Koch and Motzlo) and Berger and Seltzefll).
The calculational equations for obtaining the cross section data
are given in Ref. (9). The above expression (8l) 1is numerically

evaluated for a set of meshes (mp,Eg) as

b3
1

2,5, e mél L W se(x,w ,Ez)AEm
1 N(x)oB' AET X d d = d
St(EQ) r

%
(82)

lje-1

Yy —
SY(x,wP,Ej) = 2

where for mq that satisfies the relationship of

1> w-cosb_>uw_ > w+ cosd 2> -1, ' (83)
= p m="g= p m = ‘

w_ = A rAw 84
q mp/q q’ (84)

and
243 _ e_ .Y
_ 2, e 2
Gm = mOC /(Em+ mOC Y.

Since the bremsstrahlung photon = source is numerically
evaluated by Eq.(82), then this source is used for executing

the secondary gamma-ray transport calculation using PALLAS-PL,
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SP-Br cocde again.

(7) Slowing down calculation into thermal group and
convergence
Slowing down calculation from higher energies into thermal
group is carried out through two ways: The first is that due
to scattering by hydrogen, which is numerically evaluated based
on an assumption of isotropic scattering for producing of no

appreciable error in practical calculations, given by

P ix. 0B )eE.. = JIFL Lop (B ) @g (x,E AR AR,y (85)
" th th k=1l 4ﬂEk '
where
@O(X,Ek) = 2wf®(x,w,Ek)dw,
and
_ u_ ~
AEth = Eth 0 z Eth {1 + 0.5Au), (86)

further Au is the lethargy width.

On the other hand, the other is that due to scattering by
all nuclides other than hydrogen, which is numerically evaluated
based on again an assumption of isotropic elastic scattering
and of disregarding inelastic scattering component for producing
negligible error in practical calculations, give by

_ Len Bagon) T KeBygo1) 8Bgg 1 (87)

) AE
th’ “"th 4 ’

£

where £ is the average logarithmic energy decrement per

O(x,w,E

collision given by
2
(A=-1) A-1
3 % Al (88)

The iterative thermal group calculations are continued

£=1+

until the scalar flux converges according to a criterion:
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n-1

@E(x)-@o“(x)
Max [| - |1 < EPSRN (89}
@O(x)
for all spatial meshes.
(8) Mono-energy source calculation

Since the original PALLAS calculation is made fundamentally
based on a continuous energy source, it can not treat a mono-
energy source problem. For mono-energy source calculations,
special routines have been added to the original PALLAS code.

In gamma-ray transport calculation the special routine is
contained in a subroutine HIMEJI dealing with gamma-ray
scattering calculation. The gamma-ray mono-energy source
calculation is made as follows: First, the uncollided flux is
calculated and printed as output, then the scattered source is

calculated based on Egq.(31l) as

AE

) = 0G0 3T ™ x,wEGA 0 (90)

Q(xrer 0 E——-— ,
(1)

0 0

where EO is the incident source energy and I
energy flux. Consequently the scattered energy flux at E=E0 is

calculated using the source Q(x;w,EO)in the PALLAS code. The
(s) is obtained for

the unscattered

analytical solution for the scattered flux I

monodirectional incidence on a plane shield as follows:

X
{s) E. w. A
dI (s) _n(x) 3,6 _0 0 _0
“oTdx +oul =~27 I'T Wy e E
0
HBX
ni{x) 3 AO UJ0
= Pl Z‘HT ED-B- e . (91)

The solution of the above egquation is
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_ux oWt _ut
(s) 1 ®o x Yo wo
I (x,wO,EO) 2““0 e IO e "ae dt
=
1 “0
- 2ﬂw0 ax e
_HX
A X w
- 3 0 0
= n(x)4uT 5 5 € (92)
W .
0
For a perpendicular incidence w0=l
A
(s) _n(x).3 "o —ux
I (XJUJOJEO) = T 4“'1‘ ﬁ""‘(ux)e ’ (93)
and
105 (x,5) = n(x)2 A—O( x)e M¥ (94)
While for a plane isotropic incidence
- HX
- n(x) 3 0w
Q(xlmrEO) - 4TTU.J 4“'1‘)\0 e ’ (95)
hence
_ux
I(s)(x w,B.Y = n(x)éu A, 22— e ¥ (96)
T 47770 5 2 !
W
and _EX
(s) _ 3 . 1 x w
I0 (x,EO) = n{x)4uTA0 2ﬂf0 ; 5 dw
_ W
= ar JHXE (ﬂi) etat
- -0 2'ux
m
A
- 3, 0 ~ux
n(x)4UT e . (97)

The above expressions (94) and (97) are used to check PALLAS
calculation. For a point isotropic source the following

expression is used for this purpose:

.._24_._
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A
3 0 ux -ux
U T e . (98)
47T o 47Tr2

(

Io

) (r,B)) = n(x)

For energies other than the source energy,
K(ko,l.)

A
_ T 7,0
QUxsurhg) = Jo m(x)———I—g

the above scattering source is used for calculation of the

1 (x,00,0)d, (99)

angular flux in PALLAS calculation except for a plane
perpendicular incidence w0=l.0 and a point isotropic source.
For these cases the single scattered source shows still a ¢-
function distribution, consequently the source is given by

)fg{(u)(x W) % 8 (w=1-A
j E,y 0’0

On the other hand for neutron transport calculation the

Q(err}\j)- = n(x)K()\Or)\ +>\j).(100)

0

special routine HAMATU executes the mono-energy source
calculation. In contrast to gamma-ray scattering neutron never
degrades considerably its energy except for hydrogen. To
evaluate neutron fluxes at the source and next energy meshes as
accurately as possible, the energy region around the source
energy is devided into fine energy meshes illustrated in Fig.b5.
At the fine meshes the mono-energy neutron source is defined as
drawn by the step function in the figure: The weights for the
source intensity are defined as 1.0, 2.0, 3.0, 3.0, 2.0 and 1.0
at the finely divided energy meshes €1ng" The source normali-
zation is made as
_ __SNORM

6

¥y 8 Ae.
n=1 n n

ot

where SNORM is the source intensity defined by an input, and E0

S.N.

and Au are respectively the source energy and lethargy width.
The neutron transport calculation is carried out at the fine

energy meshes from e, through S for thus defined continuous



JAERI-M 9695

energy source and is continued at the meshes from e through

Since e energy mesh, the next transport

€15- 12 is equal to E2
calculation starts at E3 energy mesh. Usually one-dimensicnal
neutron calculation is made with a lethargy with of 0.1 for high
energy region, which means that the finely divided energy mesh

interval becomes 0.1/8=0.0125 lethargy.
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4. Restriction of Input Data
The present PALLAS-PL,SP-Br code is written by fixed
dimension. The main restriction of input data is as follows:
(1) Total energy meshes JJ < 120
(2) Total spatial meshes MRR < 150
(3) Total material regions II < 20
(4) Total nuclides NUCT < 30
(Nuclides other than hydrogen g 20}
{5} Total angular meshes IQ < 30
(IQ = 16 or 20 or 28 quadrature set is defined in Block
Data.)
(6) Total number of responses < 20

5. Program Structure
The structure map of PALLAS-PL,SP-~Br program is shown in
Fig.6, in which the main routine defining only variable

dimensions SEL (m My m3) and PPA(nl, Ny» 20) is omitted for

1'
simplicity. All the subroutines used in the program are listed

in Table 1 together with short comments.
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4. Restriction of Input Data
The present PALLAS-PL,SP-Br code is written by fixed
‘dimension. The main restriction of input data is as follows:

(1) Total energy meshes JJ < 120

(2) Total spatial meshes MRR < 150

(3) Total material regions II < 20

(4) Total nuclides NUCT < 30
(Nuclides other than hydrogen g 20)

(5) Total angular meshes IQ < 30
(10 = 16 or 20 or 28 quadrature set is defined in Block
Data.)

(6) Total number of responses < 20

5. Program Structure

The structure map of PALLAS-PL,SP-Br program is shown in
Fig.6, in which the main routine defining only variable
dimensions SEL(ml, ™y m3) and PPA(nl, Dy 20) is omitted for
simplicity. All the subroutines used in the program are listed

in Table 1 together with short comments.

=27 -
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6. Informations for Users
6.1 Input Specification
Card 1 MMX, MIQ, MJJ (313)
MMX=0, no bremsstrahlung photon transport calculation.
=number of total spatial meshes.
MIQ=0, no brems. transport cal.
! =number of angular meshes.
' MJJ=0, noc brems. transport cal.
=number of energy meshes.
These variable parameters are used to define the
dimensions of the secondary photon source SEL (MMX, MIQ, MJJ) and
also the pair production energy distribution PPA(MJJ, MJJ, 20
(regions)) . Without bremsstrahlung transport calculation these
dimensions are defined as SEL{l,1,1) and PPA(1l,1,20).
Card 2 Title card PROBLEM (20A4)
Card 3 Control Integers for a Problem
| KNDG, KIN, NORF, KTST (41I3)
' KNDG=1, only neutron calculation.
=2, neutron-secondary gamma-ray calculation.
=4, only gamma-ray calculation.
KIN=0, no effect.
=1 or 2, series calculation for neutron (Data note 1).
NORF=0, no effect.
>0, no reflection at the left boundary in plane
geometry.
KTST=0, no effect.
=-1, check of input data read in and no transport
calculation.
Card 4 NGEOM, MONOE, MNODRE, IBREM, IPRNT (5I3)
NGEOM=1, plane geometry.
=2, spherical geometry.
MONOE=0, continuous energy source.

=10, monc-enerqgy problem.
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MNODRE=1, plane perpendicular incidence or peint isotropic
source.
=n<20, plane slant incidence at n-th angular mesh.
. >20, plane isotropic incidence.

IBREM=0, no bremsstrahlung photon transport calculation.
=1, bremsstrahlung photon transport calculation.
IPRNT=0, print only input data and calculated scalar flux

at each energy mesh and reaction rates (dose rate
etc) .
=1, print also angular fluxes at each energy mesh.
=2, print also detailed constants such as pair
production energy distribution, differential elastic
scattering cross section, inelastic scattering
matrix and bremsstrahlung photon production cross
section.
Card 5 JN(N), N=1, KIN+1 (4I3)

JN (N} =number of energy meshes at N-th calculation in the
neutron series calculation (KNDGZ<2). For gamma-ray
calculation (KNDG=4) the number of energy meshes at
N=1. {(Data note 2)

Card 6 II, IQ, IFLIS, JSTAT (413}

II=number of material regions.

IQ0=number of angular meshes.

IFIS=0, source energy spectrum S(E) is read in from cards.

=], fission spectrum is computed in the program. Do
not enter S(E).
S{E)=0.484 sinh /fﬁ-e—E for neutron,
=14.0 exp (-1.10E) for photon.
JSTAT=0, calculation starts at first energy mesh.

=n, calculation starts at n-th energy mesh. Flux

calculation up to {(n-1)-th energy mesh is omitted.
Card 7 NBND, MSR, IQIQ, JDTAL (413)

NBND=0, volume source problem.
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=10, boundary flux problem.
MSR=0, for NBND=10.
=n, source spatial distribution is inputed up to n-th
mesh.
IQIQ=0, fixed angular quadratures are used: IQ=16, 20 and
28.
=n<30, angular guadrature set is inputed.
JDTAL=0, no effect.
=4, neutron calculation in detailed energy mesh
intervals between several MeV and 0.2 MeV (Data note
3).
Card 8 EMAX, HH, SNORM, RDST (4E10.3)
EMAX=maximum energy in MeV.
HH=0.0 for gamma-ray calculation (additional Data note).
=0.1 or 0.2 or 0.4, lethargy interval for neutron
calculation. '
SNORM=source normalization.
RDST=radial distance in cm at the first radial mesh at
which the boundary flux is defined for NBND=10.
=0.0, otherwise.
If IQIQ>0, Card 9 and 10 are inputed.
Card 9 (WP(N), N=1, IQ) (8El0.3)
Angular quadrature.
Card 10 (WWP(N), N=1, IQ) (8El0.3)
Angular quadrature weight.
Card 11 MES(n), n=1, II (20I3)
Number of meshes in n-th material regicn.
Card 12 RR(n), n=1, II (8E1l0.3)
Thickness in cm in n-th material region.
If KNDG=4, Card 13 is inputed.
Card 13 E(3j), j=1, JJ (BE1l0.3} .
Energy (MeV) at j-th energy mesh for gamma-ray calculation.

Do not enter them for KNDG=2, because secondary gamma-ray
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energy mesh points are fixed. If HH>0, do not enter them.
card 14 SE2(j,k), j=1, JIN(k) (8E1l0.3)
for k=1, —---, KIN+1
Source energy distribution (n/MeV) at j-th energy mesh of
k-th energy mesh block. For KNDG=4, energy distribution

for gamma ray is given in SE2(j,1). Do not enter them if
IFIS=1, or if MONOQE>O0.

If NBND=0, Card 15-1 is inputed.
card 15 SR{n), n=1, MSR (8E1l0.3)
Source spatial distribution (n/cmB-sec) at n-th spatial

mesh point. Then the volume source is expressed by
S(x,E} = SR(x)*SEE(Ej) n/cm3-sec-MeV.

For NBND=10, the boundary angular flux is defined in terms
of n/cm?-sec-sreMeV by

= *
BOUND(wn,Ej) BDZ(wn,Ej) SE(Ej).

card 15-2 BD2(n,j,k), n=1, IPQK (8El0.3)
for j=1, 2, ---, JN(k) at k=1, -—-, KIN+1
Boundary angular flux (n/cm2-5e0°sr) at mn>0 at j-th
energy mesh of k-th energy mesh block. For only MONOE=0
and NGEOM=1 or MONQE=0, NGEOM=2 and MNODRE#1l, Card 15-2
is read.

For a point isotropic continuous energy (such as the
fission spectrum) source, one should specify NGEOM=2, MONOE=0,
MNODRE=1, (IFIS=1) and NBND=10. Then the boundary angular flux
is defined by

_ SNORM
= 47 RDST**2 (27WWP (1)) .

BDZ(lljlk)
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If NBND=10, MONQE>0) and MNODRE=(), Card 15-3 is inputed.
Card 15-3 BOUND(n,1l), n=1, IPQK (8E1l0.3)

Boundary angular flux at the source energy.

For a point isotropic monocenergy source, one should specify
NGEOM=2, MONOQE=10, MNODRE=1 and NBND=10. Then the boundary

angular flux is defined by

SNORM
47 *RDST**2 {2TWWP (1)}

BOUND(1,1) =

For a moncenergy monodirectional incidence, one should
specify NGEOM=1, MONOE=10, MNODRE=n and NBND=10. Then the

boundary angular flux is defined by

SNORM
27 WP (n) *WWP (n)

BOUND(n,1) =

For a monoenergy isotropic incidence, one should specify
NGEOM=1, MONOE=10, MNODRE=20 and NBND=10. Then the boundary

angular flux is defined by

SNCORM

BOUND (n, 1) = m

for all n in WP (n)>0.

For neutron thermal group calculation in KNDG=1 or 2, Card
16 and 17 are inputed.
Card 16 LTAL, LUT (2I3)
LTAL=10; thermal group calculation.
LUT=n, termination of iterative group calculatiocn,
Card 17 ESRN (E10.3)

Convergence criterion.
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Do not enter them unless KIN>O.
Card 18 NOEL(i), i=1, II (20I3)
Number of nuclides inputed in i-th material region (Data
note 4). Maximum number of nuclides in all the regions
is 21. TIf KNDG=4, do not enter them.

Card 19 NEK(i), i=1, II (20I3)
Tdentification numbers of material regions (Data note 5).

If KNDG=4 and II=1, do not enter them.

The input data described below are those for nuclear data

read in repeatedly every material.
For neutron data (KNDG=1 or 2),

Card 20 MATERIAL (8A4)
Name of material.

Card 21 NUCLID (8A4)
Symbol of nuclide.

Card 22 MATN, AMAS, AN, ICH (15, 2E10.5, I5)
MATN=identification number of nuclide (4 digits given in

Table 2}.

AMAS=atomic mass.
AN=atomic density (x10

ICH=0, no effect.
>0, ct(Ej) and Gel(Ej) are read in from cards, by which

4
2 ).

the cross sections of total and elastic scattering

read in from the PALLAS library are replaced.

For ICH>O0,
Card 23 SIGT(j), j=1, dJd (8E10.3)

Ut(E.), microscopic total cross section at energy Ej

(barn) .
Card 24 SIGMA(3), j=1, JJ (8E0.3)
cel(Ej), microscopic elastic scattering cross section at
Ej (barn) .
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For gamma ray data (KNDG=4},
Card 20 MAT, MATERIAL (I3, 8a4)
MAT=identification number of material (last 3 digits
given in Table 2, for instance 820 for lead).
Card 21 AN, 2N, BNUCD, DENS, BNEY (5E10.3)

24).

AN=electron density in a materal (%10
ZN=atomic number of a material.
BNUCD=atomic density in a material (XI024).
DENS=material density (g/cm3).
BNEY=binding energy of the K-shell electron (MeV).
For only a primary gamma-ray calculation, ZN=0.0,
BNUCD=0.0, BNEY=0.0. When one calculates a bremsstrahlung
photon transport, one should specify the data for IN,

BNUCD, DENS and BNEY.

Input data for specifying external data and output.
Card-01 ITP21, ITP22, ITP23 ({(3I3)
ITP21=0, no effect.
>0, calculated angular fluxes are stored in Tape
21.
ITP22=0, no effect.
>0, calculated scalar fluxes are stored in Tape
22,
ITP23=0, no effect.
>0, calculated reaction rates are stored in Tape
23.
Card-02 MRK, MRKK, IDOS, IEF, ICUR (5I3)
MRK=n,-number of spatial meshes at which scalar fluxes
(and angular fluxes if IPRNT=1) are prihted.
MRKK=0, no effect.
=], print 4ﬂr§ exp(uri)*I(ri,Ej) for a

point isotropic source, oOr exp(uxi)*l(xi,Ej)
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for a plane monodirectional or isotropic incidence
(i=1r21___tn) .
ID0S=0, print dose rates in units of mrem/h.

=n, print number of n reaction rates such as 27Al(n,tx),

58Ni(n,p) and 127Au(n,y).

For KNDG=4, in addition to dose rates in mrem/h dose
rates in mr/h, absorption in erg/g using energy transfer
coefficient and erg/g using energy absorption coefficient
are also printed.

IEF=0, scalar fluxes are printed.
=1, energy fluxes are printed (E*n/cmz-sec-(sr)-MeV).
ICUR=0, nc effect.
>0, currents are printed (ngQO(xi,Ej)Amp or
%wpIO(Xi'Ej)Awp)'
If MRK>0, Card-03 is inputed.
Card-03 KR{(n), n=1, MRK (20I3)
Spatial mesh numbers at which fluxes are printed if

MRK>0.

If MRKK>0, Card-04 is inputed.
Card-04 RMU(n), n=1, MRK (8E1l0.3)
MyT; or My in mfp(i=1,2,~---,n).
If IDOS>0, Card-05 and 06 are inputed.
Card-05 REACTN (12A4)
Name of reaction rates.
Card-06 RESP(j,n), j=1, JJ (8E1l0.3)
for n=1,2,---,IREAC.
Response functions for calculating reaction rates.
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6.2 Detailed Data Notes
(1) Data note 1

The PALLAS neutron transport calculations (KNDG=l or 2) are
made based on the nuclear data from the PALLAS neutron library,
in which the energy mesh structures are defined by constant
lethargy widths such as 0.05, 0.1, 0.2 and 0.4 as shown in Table
2, In general the structure of 0.1 lethargy width is used for
fast neutron transport calculations above several hundred KeV,
and that of 0.2 lethargy width is used for neutron calculations
in intermediate ‘energy region between several KeV and several
hundred KeV, and for lower energy region the structure of 0.4
lethargy width is used. Consequently the neutron transport
calculation is made using all the structures of 0.1, 0.2 and 0.4
lethargy widths. In this case these structures are used in a
series as illustrated in Fig.7 as an example. In this figure
the fast neutron transpert calculation is made with 39 energy
meshes of the 0.1 lethargy-width structure, then after
computation the calculated fast neutron angular fluxes are
transferred to those at the first 20 energy meshes of the next
0.2 lethargy-width calculation and the intermediate neutron
transport calculation with 43 energy meshes starts at 21 energy
mesh. After computation the calculated angular fluxes are
again transferred to those at the first 22 energy meshes of the
0.4 lethargy-width calculation and the lower-energy neutron
transport calculation with 45 energy meshes starts at 23 energy
mesh.

When one uses the series calculation of lethargy-width
structures, one should input an integer of 1 or 2 into KIN in
Card 3: In the case of KIN=2, the structures of 0.1+0.2+0.4 or
0.05+0.1+0.2 lethargy widths are used, while in the case of KIN=
1, the sturctures of 0.1+0.2 or 0.05+0.1 lethargy widths are
used. For KIN=0, only one structure of 0.05 or 0.1 lethargy
width is used. For gamma-ray calculations always KIN=0 (KNDG=4) .
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(2) Data note 2

In the neutron series calculation described in Data note 1,
the total energy meshes JJ must be specified for the three
lethargy-width transport calculations such as 0.1, 0.2 and 0.4

lethargy-width structures for KIN=2. For the example shown in
Fig.7, JN(1)=39, JIN({2)=43 and JN(3)=45. If KIN=1, JN(l)=n and
JNA{2)=m.

(3) Data note 3

The neutron spectrum becomes to show abrupt increase in the
energy region between several MeV and several hundred KeV with
increasing penetration distances into heavy materials such as
iron and lead. PALLAS calculation with the 0.1 lethargy-width
sturcture, however, underestimates the energy spectrum in this
energy region at penetration distances beyond about 30 cm in an
iron shield. This is attributable to the use of rather rough
lethargy interval compared with that of maximum neutron slowing
down in a single elastic scattering. Then the 0.1 lethargy
interval can be divided equally into four sub-intervals. If
one wants to use the detailed energy mesh calculation, one
should specify 4 for JDTAL.

(4) Data note 4 _
One of characteristics in the method used in PALLAS code is

to deal with as precisely as possible the neutron scattering
calculation. For this purpose PALLAS executes the neutron
scattering calculation for each nuclide. Then one must specify
the number of nuclides in each material region. It ig ideal
that all the nuclides included in each material are specified,
however, this is not realistic from the view peint of '
computation time. One of practical ways is to choose only
main nuclides that contribute considerably to neutron reaction.
In this case for conservation of total atomic densities in a
material the atomic densities of the rest nuclides must be

added to those of the chosen main nuclides.
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one should note that the number 0 is specified to a void
region, so that no nuclear data are read in and no scattering
calculation is regquired. This is effective in particular for
radiation streaming calculations.
(5) Data note 5

All the material regions are numbered as illustrated in
Fig.8. Fundamentally at first the numbers 1, 2, —-=--, n<20 are
set for respectively 1, 2, ---, n regions. When the same
materials are repeatedly specified in material regions, their
identification numbers are replaced by those of the previous
defined same materials as shown in the figure. One should note
that the number 0 is specified to a void region as described in
Data 4.
(6) Additional Data note

Originally, the energy meshes for gamma-ray calculation are
always defined by inputed data.  Later the program has been
modified so that these values can be defined automatically in
it. For this purpose one should define only AE by the input HH
in units of MeV. Here AE is the energy mesh difference with a
same energy interval in high energy region (closer to a maximum
gamma-ray enerdgy EMAX) . This energy-mesh structure, however,
is not appropriate for PALLAS gamma-ray calculation, since the
wavelength interval defined by the energy mesh interval AE
becomes too large to calculate accurate gamma-ray transport.
For instance, in the case of EMAX=1 MeV and HH=0.1 MeV, the
first four wavelength intervals Akj(j=l,2,3,4) are less than
0.1, however for lower energy meshes such as 0.4, 0.3, and 0.2
MeV these intervals become considerably large such as 0.43 and
0.85. To mitigate such an abrupt increase in wavelength
interval the code provides a special definition for the
wavelength interval: At first the wavelength interval
determined from AE is fairly small compared with a value of 0.1,

however soon it exceeds the value of 0.1, at which the code
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redefines 0.1 for the wavelength interval and after that its

values are given by

AN, = AX. x 1.3
J j-1

for Alj§0.5 and Ej>0.06 MeV,

or for ij50.7 and Ej<0.06 MeV.
Example for 1 MeV and HH=0.l MeV

No. E. AL AR
3 j j
1 1.00 0.511
2 0.90 0.568 0-03%
3 0.80 0.639 0-071
4 0.70 0.730 0-091
5 0.616 0.830 °0-100
6 0.532 0.960 0-130
2 0.453  1.120 0-167
s  0.379  1.349 0-220
9 0.313  1.635 9-286
10 0.255  2.007 9-372
11 0.205  2.491 0-484
12 o0.171  2.991 ©0-300
13 o0.146  3.491 9300
14 o0.128  3.991 ©0-500
15 0.114 4,401 0-°00
16 0.102  4.991 09300
17 0.093  5.491 0-°00
18 o0.085  5.991 0-°00
19 0.079  6.491 0-300
20 0.073  6.991 0-300
21 o0.068  7.491 ~ 0-°00
22 o0.066  7.791 ©0-°00
23 o0.060  s.a91 0-°00
24 0.056  9.191 °-700
25  0.052  9.891 0-700
26  0.048 10.591 0-700
27 0.045 11.291 0700
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6.3 Special Notes
(1) Spatial mesh assignment

An equal spatial mesh interval is assigned in each
material region as illustrated in Fig.9. In Fig.9(A) an
example of the mesh assignment is shown for the case of plane
geometry, in which two meshes are assigned at every inner
boundary. In Fig.2(B) it is shown for the case of a volume
source problem (NBND=0) in spherical geometry, in which no
radial mesh is assigned at r=0 cm. On the other hand for the
case of a boundary flux problem (NBND=10) in spherical geometry,
it is illustrated in Fig.9(B-2), in which the boundary angular
flux is defined at r=RDST cm.

(2) Secondary gamma-ray energy structure fixed in the code
Since the secondary gamma-ray transport calculation should
be made based on the nuclear data on v production cross section
included in the PALLAS neutron library, the gamma-ray energy
meshes must be in advance defined. Table 4 gives the gamma-ray
energies defined and used in the library. The gamma-ray
production cross sections from neutron energy points Ei(k=l, 2,
---) to gamma-ray energy points Eg(j=l, 2, -——, 25) are given

for each neutron lethargy-width structure in the library.

{3) Angular guadrature sets

Three angular guadrature sets are prepared in PALLAS-PL,SP~
Br code. Two are Gaussian quadratures of 16 and 20 points, the
other is an asymmetrical quadrature of 28 points, which are
given in Table 5. The asymmetrical 28-point guadrature is
suitable for detailed transport calculations of a point
isotropic gamma—ray source problem. If one wants to use one of
these fixed guadratures, one may specify only I0=16 or 20 or 28
and IQIQ=0.
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(4) PALLAS neutron library

Infinite dilution point energy data have been prepared in
PALLAS neutron INF library, in which the microscopic total,
capture and elastic scattering cross sections, dt, cc and Oel’
were averaged over the energy intervals defined as UPPER BOUND
and LOWER BOUND for the energy meshes in each lethargy-width
structure shown in Table 3. The averaging the nuclear data
taken from ENDF/B-IV data library was made through the use of
NJOY data processing code systemlz). The weighting functions
used are the fission spectrum and 1/E spectrum. All the
Legendre polynomial expansion coefficients given in ENDF/B-IV
were used for making the scattering distribution functions fel(
Ej,u) at all the neutrcn energies given in ENDF/B~IV file.
Table 6 provides the orders of Legendre expansion and the lower
bounds of neutron energy down to which the Legendre data are
given. Both inelastic scattering matrix and secondary gamma-
ray production cross section are also generated through NJOY
code system. More detailed information on the PALLAS infinite
dilution data is given in Ref. (13). |

Effective cross section data have been prepared in PALLAS
neutron EFF library. These effective cross sections were

14). Detailed information is also

generated through RIFF code
given in Ref. (13).

Note that only EFF library contains the nuclear data for
the materials, SUS(304), SUS(316}, Ordinary and Heavy concretes.
Further, if one uses Ordinary or Heavy concrete as an input
material, one must specify two nuclides: the cne is hydrogen
with its atomic density and the other is Ordinary or Heavy
concrete with its atomic density of 1.0. Because the effective
cross sections for these concretes were generated by excluding
only hydrogen from their atomic compositions. The reason why
such a hydrogen exclusion was made is that the PALLAS code

separates hydrogen from non-hydrogeneous nuclides in the neutron
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scattering calculation for the purpose of accurate neutron
scattering treatment. When one uses SUS(304) or SuUS(316), one

may specify its atomic density of 1.0.

(5) PALLAS gamma-ray library

The data for gamma-ray total, pair production and
photoelectric effect cross sections have been taken from
Hubbell's compilationlS). Since these data were given only at
certain defined energy points, the data used in PALLAS
calculations are determined by interpolating linearly between
these defined energy points. The identification numbers of
nuclides or materials shown in Table 2 are utilized again in the
gamma-ray library, however, only lower three figures in the four
figures are valid because of no constraint of lethargy interval.

When one wants to calculate gamma-ray transport with KNDG=
4, one may specify only three figures in the four figures given
in Table 2. In additicn to stainless steel and concrete, water
and air have been also included in the gamma-ray library.
Their identification numbers are :

Water, 540

Alr, 550.

The PALLAS gamma-ray library contains the data of energy
flux to dose equivalent rate conversion factor (mrem/h}, energy
flux to exposure dose rate conversion factor (mr/h), and mass
energy transfer and mass energy absorption coefficients to
calculate the absorbed dose (erg/g) from energy flux. These
data have been taken from Ref.15), 16} and storm's datalY).
Note that the data on energy flux to dose equivalent rate
conversion factor from Ref.16) differ considerably around 0.1

MeV from old datalg).
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6.4 External and Internal Data Files
All the files used for input, output, PALLAS libraries,

storing calculated data and scratch data are give in Table 7.
6.5 Main Program Variables and Program Mnemonics

Relation of main variables used in the PALLAS program to

program mnemonics is given in Table 8.
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6.6 Sample Problems
(1) Sample problem 1: Gamma-ray plane isotropic incidence
. on lead

The input data for this problem are shown in Fig.l0, in
which the numbers 1 through 16 in both sides represent those
of the input data cards. The first three zeros mean that MMX=
MIQ=MJJ=0. 1In this case IBREM=0 at the fourth input of card
4, which indicates no bremsstrahlung photon transport calculation.
KNDG=4 indicates only gamma-ray transport calculation. NGEOM=1
means plane geometry, MONOE=10 means a mono-energy preblem,
MNODRE=50 means a plane isotropic incidence, and IPRNT=1 means
to printangular fluxes. The total energy meshes are 42, 1I1=1
region, IQ=20 angular guadrature points. NBND=10 means to use
the boundary angular flux for specifying the plane isotropic
incidence. The maximum energy=10 MeV and HH=0.5 MeV energy
mesh interval are specified. The spatial meshes of 70 are
assigned in 41.91-cm thick plane. For KNDG=4, MAT=820 and
MATERIAL=PB are inputed. The electron density is 2.7026 (XI024)
and the succeeding four numbers may be zeros for only a primary
gamma-ray calculation. As the inputs for control the output
print, all the calculated results are not stored in tape 21,
22 and 23. MRK=7 means to print both angular and scalar fluxes
at seven spatial mesh points, MRKK=1 means to print exp(uxi)l(
xi’Ej) at the seven mesh points, IDOS>0 means to print dose
rates (mrem/h and mr/h) and absorptions (erg/g for two types
of coefficients) for KNDG=4, and IEF=1 means to print fluxes
in units of energy flux. The numbers of seven spatial mesh
points are inputed and the last card is to specify mfp at the
seven spatial mesh points for use in the calculation of buildup
factors. |

After the print of INPUT DATA END, integers 1,1,1 for MMX,
MIQ and MJJ are printed, which is used to define the dimension
of SEL. The succeeding integers 81,81,0 mean that:

LTOT=MJJ* (MMX*MIQ+40 (1+MJJ)), LMAX is specified by an input
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and LRES=LMAX-LTOT. For IBREM=0, the minimum LTOT requires

81, which requires the total program length of CF188 bytes.

Figures 11(a) and 11(b) show the list of input data and parameters

used in the calculation. Figures 12 illustrates the calculated

unscattered angular energy and energy fluxes at the source
energy, in which W designates the angular mesh points for

Gaussian quadrature of 20 points and R the spatial mesh

numbers. The R used in the energy flux spectrum designates

the depth in cm in lead shield. The last output indicates the

values of exp(ux)I(x,E) and MU*R means mfp. Figure 13 provides

the scattered angular energy and energy fluxes at the source
energy. Figure 14 shows dose rates and energy absorptions in
units of mrem/h, mr/h, erg/g (energy transfer coefficient) and
erg/g (energy absorption coefficient) represented as FDOS, as

well as their respective buildup factors represented as B-F.

The conversion factors used for obtaining these integrated

values are given in Fig.l1l(b), which are automatically provided

at each energy mesh by interpolating linearly the data given
initially in the program.

{2) Sample problem 2: Primary gamma-ray and bremsstrahlung
photon transport calculation for a plane
isotropic incidence on lead

Figure 15 depicts the input data for the problem and MMX=70,

MIQ=20 and MJJ=42, which requires 131040 for LTOT and the actual

program length of 161810 bytes. Then 150000 is specified as

the work memory for the bremsstrahlung transport calculation.

Figure 16 provides the calculated energy fluxes for the brems-

strahlung photons at the first four energy meshes. Figure 17

shows the total dose rates and total energy absorptions and

also respectiﬁe buildup factors. Figure 18 gives the values

of exp(ux)I(x,E) at the last 11 energy meshes, where the energy

filux I(x,E) consists of those of the primary gamma ray and of

the bremsstrahlung photon.
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(3) Sample Problem 3: Neutron transport in air-concrete from

252Cf source

a point isotropic

Figure 19 provides a list of input data, in which KNDG=1
and KIN=2 because of a series calculation consisting of the
energy structures of lethargy widths of 0.1, 0.2 and 0.4.
NGEOM=2 means a spherical geometry, MNODRE=1 means a point
isotropic source and IPRNT=1 indicates to print also angular
fluxes as well as scalar fluxes. The three numbers, 27, 27
and 45 are inputed for JN(1), IN{2) and JN(3) for specifying
the energy meshes in calculations with lethargy widths of,
respectively, 0.1, 0.2 and 0.4. The material regions and the
number of angular meshes are 6 and 20, respectively, and the
fission source (Watt's formula) is specified. MSR=3 means to
input the source spatial distribution only at the first three
radial meshes. The source normalization 1is total 109 neutrons/sec.
LTAL=10, LUT=200 and ESRN=0.005 means that the iterative
calculations with maximum iteration of 200 times are required
in the thermal group calculation unless the convergence criterion
satisfies 0.005. The number of elements used in the scattering
calculation in each material region are inputed for the six
regions. The identification numbers for these regions are
inputed: All the material regions except for the fourth region
are the same as the first region of air, while the fourth is
concrete. For specifying the output print, ITP21=ITP22=1ITP23=0
and MRK=10 and IDOS=1. XR(n) for n=1,2,---,10 are inputed,
and the dose rate conversion factor is inputed for the energy

structures of lethargy widths of 0.1, 0.2 and 0.4.

Figures (a), (b), (c) and (d) shows the list of input
print, in which two dose rate conversion factors are printed
in Fig.20(d). The first data are taken from ANSIIG), contained

in this program, while the other data are old ones used in
Japan. Figure 21 displays only an example of output, in which
the angular fluxes are printed at 10 radial meshes and also

the scalar fluxes are printed at these meshes.
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Table 1 subroutines used in PALLAS-PL,SP-Br

No. Name Function

1 BLOCKD |Initialized data.

2 PALLD MAIN and control the whole program.

3 DTLIST |provides the list of input data.

4 TOKYO reads input data for a problem and prepares
constants for calculation.

5 YOKHAM |[reads input data for specifying nuclear data and
calculates bremsstrahlung photon production cross
section and pair production energy distribution.

6 READ reads neutron cross sections from PALLAS neutron
library.

7 GMXSEC |reads gamma-ray Cross sections (ut, uph’ upp) from
PALLAS gamma-ray library.

8 FEELOSS |calculates bremsstrahlung photon production cross
section.

CONST contains physical constants.

10 LIBRAY |contains data used for calculating the density
correction factor.

11 CFDATA |contains empirical correction factors for H, C, Al,
Ccu, Ag as a function of electron kinetic energy.

12 CORECT |contains empirical correction factors for the
elements used in PALLAS calculation, which are the
interpolated values of CFDATA.

13 TWO calculates o4 in the kinetic energy Tk below 2 MeV.

14 THREE calculates Oy in the kinetic energy Tk between 2
MeV and 15 MeV.

15 RSTOP calculates Og and the radiative stopping power.

le ESTOP calculates the ionization stopping power.

17 XNEWTN | calculates the density correction factor.
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Table 1 {(continued)

No. Name Function

18 PRINT provides the output of data used for calculation of
bremsstrahlung photon transport.

19 PAIRCR | calculates the pair production energy distribution.

20 DISTRI | calculates the pair production cross section.

21 YH defines YH(JK, N, JDTAL) used for neutron slowing
down calculation in finer energy mesh intervals if
JDTAL=4.

22 | ATAMI calculates the weight function used for the
numerical integration over scattering azimuthal
angle ¢.

23 HASIMA | excutes neutron thermal group calculation.

24 PSU defines the spatial meshes in a certain material
region.

25 NAGOYA | executes the neutron scattering calculation.

26 HAMATU | carrys out the neutron scattering calculation from
monoenergy source. 7

27 HIMEJI | executes the gamma-ray scattering calculation on
the basis of Klein-Nishina formula.

28 SELCT calculates the secondary electron source.

29 PLANE executes the transport calculation in plane
geometry. )

30 SPHERE | executes the transport calculation in spherical
geometry.

31 OSAKRA provides the output of calculated angular and
scalar fluxes as well as reaction rates.

32 SEPHOT |calculates the secondary electron source arizing
from photoelectric effect.

33 BGAM calculates the bremsstrahlung photon source.

34 SECGAM |calculates the sécondary gamma-ray source produced

by neutron capture reaction.
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Table 2 List of identification numbers of nuclides used

in PALLAS neutron and gamma-ray libraries

Identification Number
No. | Nuclide
Au=0.05 | Au=0.1 | Au=0.2 | Au=0.4 | Au=0.8
1 { H-1 5011 1oll 2011 4011 8011
2 | B-2 5012 1012 2012 4012 BO12
3 | Li-6 5036 1036 2036 4036 8036
4 | Li-7 5037 1037 2037 4037 8037
5 | Be-9 5039 1039 2039 4039 8039
6 | B-10 5050 1050 2050 4050 8050
7 | B-11 5051 1051 2051 4051 8051
8 | c-12 5062 1062 2062 4062 8062
9 | N-14 5074 1074 2074 4074 80 74
10 | 0-16 5086 1086 2086 4086 8086
11 | F 5090 1090 2090 | 4090 8090
12 | Na-23 5113 1113 2113 4113 8113
13 | Mg 5120 1120 2120 4120 8120
14 | a1-27 5137 1137 2137 4137 8137
15 | si 5140 1140 2140 4140 8140
16 | ca 5200 1200 2200 4200 8200
17 |cr 5240 1240 2240 4240 8240
18 | Mn-55 5255 1255 2255 4255 8255
19 | Fe 5260 1260 2260 4260 8260
20 |Ni 5280 1280 2280 4280 8280
21 | cu 5290 1290 2290 4290 8290
22 | zr 5400 1400 2400 4400 8400
23 | Mo 5420 1420 2420 4420 8420
24 |w 5740 1740 2740 4740 8740
25 | Pb - 5820 1820 2820 4820 8820
26 | U-235 5925 1925 2925 4925 8925
27 | u-238 5928 1928 2928 4928 8928
28 | sus(304) 5500 1500 2500 4500 8500
29 | sus(316) 5510 1510 2510 4510 8510
30 | Ordinary | g5og | 1520 | 2520 | 4520 | 8520
Concrete
31 ggizgete 5530 | 1530 | 2530 | 4530 | 8530
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Table 3 Energy mesh structures used in PALLAS neutron library
Lethargy-width structures of 0.05, 0.1, 0.2 and 0.4
are given.

0.05 LETHARGY WIDTH STRUCTURE
GRAUP ENERGY MESH UPPER BOUND. LOWER BOUND.
{EV) CEVD CEV)

1 1.4200E+07 1.4559E+07 1.3849E+07
2 1.3507E+07 1.3849E+407 1.3174E+07
3 1.2849E+07 1.3174E+07 1.2531E+07
& 1.2222E+07 1.2531£+07 1.1920E+07
5 1.1624E+0Q7 1.1920E+07 1.1339E+07
6 1.1059E+07 1.1339E+07 1.0786E+07
7 1.0520E+07 1.07868E+07 1.0240E+Q7
8 1.0007E+07 1.0260E+07 9.75%5E+06
? $.5185E+06 9.7595E+06 9.2835E+06
i0 9.0543E+06 9.2835E+06 B.8308E+06
11 8.6127E+06 B.8308E+0Q06 8.4001E+06
12 8.1927E+06 B.4001E+06 7.9904E+08
13 7.7931E+04 7.9904E+06 7.6007E+06
14 7.4131E+406 7.6007E+06 7.2300E+06
15 7.0515E+06 7.2300E+06 4.B774E+0Q6
16 6,70746E+06 6.8774LE+06 6.5420E+06
17 6.3805E+06 6.5420E+06 6.2229E+04
18 6.0693E+046 6.2229E+06 S.9194E+04
19 5.7733E+06 5.9194E+06 5.6307E+06
20 S.4917E+06 5.463Q7E+06 5S.3561E+06
21 5S.2239E+06 5.3561E+406 5.0949E+06
22 L.9691E+06 5.0949E+06 4L.8464LE+06
23 4.7268E+06 4. BLLHLE+DS 4.6101E+06
24 L,4962E+06 4.86101E+06 4L . 3852E+06
25 4.2770E+06 4.3852E+06 4.1714E+06
26 4.0684E+06 4.1714E+06 3.9679E+06
27 3,.8700E+Cé 3.9679E+06 I.77LLE+OS
28 3.6812E+06 3.7744E+06 3.5903E+08
29 3.5017E+06 3.5903E+06 3.4152E+06
30 3.3309E+06 3.4152E+06 3.2487E+0Q6
31 3.1684E+06 3.2487E+06 3I.0902E+06
32 3.0139E+06 3.0902E+06 2.9395E+06
33 2.864%9E+06 2.9395E+06 2.7961E+06
34 2.7271E+06 2.7961E+068 2.6598E+04
3s 2.5941E+06 2.6598E+06 2.5301E+06
36 2.46786E+06 2.5301E+06 2-4067E+06
37 2.3472E+06 2.40867E+06 2.2893E+06
38 2.2328E+06 2.2B93E+06 2.1774E+06
39 2.1239£+06 2.1776E+06 2.0714E+0¢6
40 2.0203E+06 2.0714E+06 1.9704E+06
41 1.9218E+06 1.97C4E+0Q06 1.8743E+06
42 1.82B0E+06 1.8743E+06 1.7829E+06
43 1.7389E+06 1.7829E+06 1.6959E+06
44 1.65461E+06 1.46959E+06 1.6132E+406
45 1.5734E+06 1.6132E+06 1.53464E+06
44 1.46967E+06 1.53446E+06 1.4597E+0Cé
&7 1.4237E+0C6 1.4597E+08 1.3885E+06
48 1.3542E+06 1.3885E+06 1.3208E+04
49 1.2882E+06 1.3208E+06 1.2564E+06
50 1.2254E+06 1.2564E+0Q6 1.1951E+06



51
52
53
54
55
56
57
58
59
&0

61
62
463
64
65
56
67
58
4%
70

71
72
73
74
75

77
78
79
80

g1
82
83
84
85
Bé
87
&8
89
90

g1
g2
93
94
95
96
97
98
g9
100

Table 3

1.1636E+06
1.1088E+06
1.0547E+06
1.0032E+06
9.5432E+05
9.0778E+05
8.46350E+05
8.2139E+05
7.8133E+03
7.4322E+05

7.0698E+05
6.72S0E+05
6.3970E+05
6.085CE+05
5.7882E+05
5.5059€+05
S.2374E+05
4.9820E+05
4. 739CE+0S
4.5079E+05

4.28B0E+0S
4,0789E+05
3.8800E+05
3.6907E+05
3.5107E+05
3.3395E+05
3.1767E+05
3.0217E+C5
2.8744E+05
2.7342E+05

2.6008E+05
2.4740E+05
2.3533E+05
2.2385E+05
2.1294E+405
2.0255E+05
1.9267E+05
1.8328E+05
1.7434E+0Q5
1.85B4E+05

1.577SE+0S

1.5005E+05
1.4274LE+0OS
1.3577E+05
1.2915E+05
1.2285E+05
1.1686E+05
1.1114E+05
1.0574E+05
1.0058E+05
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{(continued)

1.1951E+06
1.1368E+04
1,0814E+046
1.0284E+06
9.784BE+03
9.3076E+05
B.8536E+05
B.4218E+05
8.0111E+05
7.6204E+05

7.24LB7E+0S
6.8952E+05
6.558%9E+05
6.23%0E+05

5.9348E+05

S.4453E+05
5.3700E+05
5.1081E+05
4 .8590E+C5
4L, 6220E+05

4,3I966E+03
4,1822E+05
3.9782E+05
3.78B42E+05
2,.5996E+05
3.4241E+05
3.2571E+05
3.0982E+05
2.9471E+05
2.8034E+05

2.6667E405
2.53646E+05
2.4129E+05
2.2952E+05
2.1833E+05
2.0768E+0Q5
1.9755E+405
1.8792E+05
1.7875E+05
1.7003E+05

1.6174E+0QS
1.5385E+0%
1.4635E+05
1.3921E+05
1.3242E+05
1.2596E+05
1.1982E+05
1.1398E+05
1,0842E+05
1.0313E+05

1.1368E+06
1.0814E+04
1.0284E+0Q8
9.7848E+05
9.3074E+05
8.8536E+03
8.4218E+05
8.0111E+05
7.6204E+05
7.2487E+05

&.B952E+05
6.558FE+Q05
6.2390E+05
5.9348E+05
S.6453E+05
5.3700E+05
5.1081E+05
4 .,BSS0E+05
4L.6220E+05

4.3966E+05

4,1822E+05
3,.97B2E+0Q5
3.7842E+405
3.5996E+05
3.4241E+C5
3.2571E+05

3,0982E+05
 2.9471E+05

2.B034E+05
2.6467E+Q5

2.5346E+05
2.4429E+05
2.2952E+05
2.1833E+05
2.076BE+0QS
1.9755£+05S
1.8792E+0S5
1.7875E+40S
1.7003E+05S
1.4174E+05

1.538SE+05
1.4635E+03
1.3921E+05
1.3242E+05
1.2596E+05
1.1982E+0Q5
1.1398E+053
1.0842E+05
1.0313E+05
?.8101E+04
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0.1 LETHARGY WIDTH STRUCTURE

ENERGY MESH
CEV)

1.4200E+07
1.2849E+07
1.1626E+07
1.0520E+G7
9.5185E+0Q6
B.6127E+06
7.7931E+06
7.03135E+06
6.3805E+06
5.7733E+06

5.2239E+08
4 .726BE+06
4.2770E+06
3.8700£+06
3.5017E+06
3.1884E+06
2.866FE+04
2.5941E+04
2.3472E+06
2.1239E+06

1.9218E+06
1.7389E+06
1.5734E+04
1.4237E+06
1.2882E+06
1.1656E+06
1.0547E+04
$.5432E+05
8.46350E+05
7.8133E+05

7.0698E+05
6.3970E+CS
5.78B82E+05
5.2374E+05
4.7390E+05
4,2880E+05
3.8800E+05
3.5107E+05
3.1766E+C5
2.8743E+05

2.6008E+405
2.3533E+05
2.1294E+05
1.92467E+05
1.7434E+05
1.57735E+05
1.4274E+05
1.2915E+05
1.1684E+05
1.0574E+05

UPPER BOUND.

(EVD

1.4928E+07
1.3507E+07
1.2222E+07
1.1059E+07
1.0007E+07
9.0543E+06
8.1927E+06
7.4131E+06
4.7076E+06
6.0693E+06

S.4917E+06
4.9691E+06
L. L962E+06
4.0684E+06
3.6812E+06
3.3309E+06
3.0139E+06
2.7271E+06
2.4676E+06
2.2328E+406

2.0203E+06
1.8280E+06
1.4541E+06
1.4567E+04
1.3542E+06
1.2254E+06
1.1088E+0¢
1.0032€E+06
2.0778E+0Q5
8.2139E+05

7.4322E+05
6.7250E+05
6.0850E+05
5.5059E+05
4.9820E+05
4.S079E+05
4.0789€+05
3.6907E+05
3.3395E+05
3.0217E+05

2.7342E+05
2.4740E+05
2.2385E+05
2.0255E+05
1.8328€+05

"1.6584E+05

1.5005E+05
1.3577E+05
1.2285E+05
1.1116E+05

LOWER BOUND.

(EV)

1.3507E+07
1.2222E+07
1.1059E+07
1.0007E+07
9.0543E+06
8.1927E+06
7.4130E+06
6.7076E+06
6.0693E+06
5.4917E+06

L. .9691E+06
4.4962E+06
4 .0684E+06
3.6812E+06
3.3309E+06
3.0139E+06
2.7271E+06
2.4676E+06
2.2328E+06
2.0203E+06

1.8280E+06
1.6541E+06
1.4947E+06
1.3542E+06
1.2254E+06
1.1088E+06
1.0032E+04
9.0778E+05
8.2139E+05
7.4322E+05

6.7250E+05
6.0850E+05
5.5059E+05
4.9820E+05
4, 5079E+0Q5
4.0789E+0S5
3.6907E+05
3.3395E+05
3.0217E+05
2.7342E+05

2.4740E+05
2.2385E+05
2.0255E+05
1.8328E+053
1.6584E+05
1.5005E+05
1.3577E+05
1.2285E+05
1.1116E+05
1.0058E+05



1
52
53
54
55
56
57
58
59
&0

61

63
64
45
66
&7
&8
69
70

71
72
73
74
75
76
77
78
79
80

81
82

84
85
86
87
88
89

91
. 92
93
G4
95
96
97
8
g9
100

Table 3

@.5679E+04
B.A574E+04
7.8335E+04
7.0881E+04
6.4135E+04
5.8032E+0¢&
5.2510E+04
4L,7513E+04
4.2991E+04
3.8900E+04

3.5198E+04
3.1849E+04
2.8818E+04
2.6075E+04
2.3594E+04
2.1349E+04
1.9317E+04
1.7479E+04
1.5816E+04
1.4311E+04

1.2949E+04
1.1716E+04
1.0601E+04

9.5926E+03

B.6798E+03
7.8538E+03
7.10864E+C3
&.4301E+03
5.818B2E+03
5.28645E+03

4. 7836E+03
4L ,31C2E+03
T.9001E+03
3.5289E+03
3.1931E+03
2.8892E+03
2.8143E+03
2.3655E+C3
2.1404E+03
1.9347E+03

1.7524E+03
1.5B57E+03
1.4348E+03
1.2982E+03
1.1747E+03
1.0629E€+03
9.6175E+02
8.7022E+02
7.8741E+02
7.1248E+02

JAERI-M 9695

(continued)

1.0058E+05
9.1013E+04
8.2351E+04
7.4515E+04
6.74L2LE+04
6.1007E+04
5.5202E+04
L.994L9E+04
4L.5195E+04
4,0895E+04

3.7003E+04
3.3482E+Q4

3.0295E+04

2.7412E+04
2.48B04E+04
2.2443E+04
2.03G8E+04
1.8375E+04
1.6626E+04
1.5044E+04

1.3613E+04
1.2317E+04
1.1145E+04
1.0084E+04
9.1248E+03
8.2545E+03
7.4708E+03
6.7598E+03
6.1145E+03
5.5345E+03

S.Q078E+03
4&.5312E+03
L,1000E+Q3
3.7099E+03
3.3568E+03
3.0374E+03
2.7483E+03
2.4B6BE+Q3
2.2501E+03
2.0360E+03

1.8423E+03
1.64670E+03
1.5083E+03
1.3648E+03
1.2349E+03
1.1174E+03
1.0111E+03
9.1484E+02
8.2778E+02
7.4%01E+02

9.1012E+04
8.2351E+04
7.4515E+0Q4
6.7424E+04
6.1007E+04
5.5202E+04
4.9949E+04
4,.5195E+04
4.0895E+04
3.7003E+04

3.3482E+04
3.0295E+04
2.7412E+04
2.4804E+04
2.24L43E+04
2.0308E+04
1.8375E+04
1.6626E+04
1.5C44E+0Q4
1.3613E+04

1.2317E+04

o 1.1145E+404

1.00B4E+04
9.1248E+03
B.2565E+03
7.4708E+03
6.759BE+03
6.11635E+03
5.5345E+03
5.0078E+03

4.5312E+03
4,.1000E+03
2.7099E+03
3.3548E+03
3.0374E+03
2.7483E+03
2.4868BE+03
2.2501E+03
2.0360E+03
1.8B423E+03

1.6669E+03
1.5083E+03
1.364BE+03
1.2349E+03
1.1174E+03
1.0111E+03
9.1484E+02
B.2778E+02
7.4901E+0Q2
6.7773E+02
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0.2 LETHARGY WIDTH STRUCTURE

ENERGY MESH
CEVD

1.4200E+07
1.1626E+0Q07
9.5183E+06
7.7931E+06
6.3B05E+Q6
5.2239E+06
4,2770E+06
3.5017E+0Q6
2.BL6FE+QS

2.3472E+06

1.9218E+06
1.5734E+06
1.2882E+0%
1.0547E+08
B.8350E+05
7.0698E+05
5.7882E+05
4 ,7390E+05
3.8800E+05
3.1767E+05

2.6008E+05
2.1294E+05
1.7434E+05
1.4274E+05
1.16886E+05
?.367FE+Q4
7.83335E+04
6.4135E+04
S.2510E+04
4L.2991E+04

2.5198E+04
2.83818BE+0C4
2.3594E+C4
1.9317E+04
1.5816E+04
1.2949E+04
1.0602E+04
B8.4798BE+03
7.1064E+03
5.8182E+03

4.7636E+03
3.9001E+03
3.1931E+03
2.6143E+03
2.1404E+03
1.7524E+03
1.4348E+03
1.1747E+03
9.6175E+02
7.8741E+02

UPPER BOUND.

(EV)

1.5693E+07
1.2849E+07
1.0520E+07
8.6127E+06
7.0515E+06
5.7733E406
4.726BE+06
3.8700E+06
3.1685E+06
2.5941E+06

2.1239E+06
1.738%9E+0¢6
1.4237E+06
1.1656E+06
9.5432E+405
7.8133E+05
6.3970E+05
5.2374E+05
4.288B0E+05
3.5107E+0S

2.8B744E+Q5S
2.3533E+05
1.9267E+05
1.5775E+05%
1.2915E+05
1.0574E+0QS
B.4574LE+C4
7.08B81E+04
5.8032E+04
4L,7513E+04

3.8900E+04
3.1849E+04
2.8076E+04
2.1349E+04
1.7479E+04
1.4311E+04
1.1717E+04
9.5627E+03
7.8538E+03
6.4302E+03

S.2646E+03
4,3103E+03
3.5289E+03
2.8893E+403
2.38655€E+403
1.9367E+03
1.5857E+03
1.2982E+03
1.0629E+03
8.7023E+02

LOWER BOUND.

(EV)

1.2849E+0Q7
1.0520E+0Q7
8.6127E+06
7.0515E+06
5.7733E+068
4L . T26BE+06
Z.8700E+06
T.1484E+06
2.5941E+06
2.1239E+06

1.7389E+06
1.4237E+06
1.1656E+06

9.5432E+05

7.8133E+05
4.3970E+05
5.2374E+05
4 .2880E+05
3.5107E+0Q5
2.87644LE+0Q5

2.3533E+05
1.9267E+05
1.5775E+05
1.2915E+05
1.0574E+05
B.&574E+04
7.0881E+04
5.8032E+04
4.7513E+04
3.8900E+04

I.1B49E+0Q4
2.6078E+04
2.1349E+04
1.7479E+04
1.4311E+04
1.1717E+04
9.5927E+03
7.8538E+03
&.L301E+03
5.2646E+03

&.3103E+03
3.5289£+03
2.8893E+03
2.3653E+03
1.9347E+03
1.5857E+03
1.2982E+03
1.0629E+03
8.7023E+02
7.1248E+G2



51
52

53

54
55
56
57
58
59
40

&1
b2
63
&4
&5
66
67
68
69
70

71
72
73
74
75
76
77
78
79
80

81
82
83
84
85
gé
87
88
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6.6468E+02
5.2782E+02
4.3214E+02
3.5381E+02
2.8967E+02
2.3716E+02
1.9417E+02
1.5898E+02
1.3014E+02
1.08656E+02

8.7248E+01

'7.1433E+01

5.848B4E+01
4,7883E+01
3.9203E+01
3.2097E+01
2.6279E+01
2.1515E+401
1.7615E+01
1.4422E+01

1.1808E+01
9.64673E+00
7.9150E+00
4.4802E+00
5.3056E+00
4.343BE+00
3.5564E+00
2.9117E+00
2.3839E+00
1.9518E+0C0

1.5980E+00
1.3083E+00
1.0712E+0C0
8.7701E-01
7.1804E-01
5.8788E-01
4,8131E-01
3.9406E-01
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7.1248E+02
5.8333E+02
4,7759E+02
3.9102E+02
3.2014E+02
2.6211E+0Q2
2.1460E+02
1.7570E+02
1.4385E+02
1.1777E+02

9.6424E+01
7.8945E+01
6.45635E+01
5.291%E+01
&,3326E+01
3.5472E+01
2.9042E+01
2.3778E+01
1.9468E+01
1.5939E+01

1.3050E+01
1.0684E+01
8.7474E+00
7.1617E+00
S.8635E+00
4.8007E+00

3.9304E+00

3I.2180E+00
2.58347E+00
2.1571E+00

1.74661E+00
1.4459E+0Q0
1.1838E+00
9.6924E-01
7.9355E-01
6.4971E-C1
5.3193E-01
&,3551E-01

5.8333E+0Q2
4,7759E+02
3.9102E+02
3.2014E+02
2.6211E+02
2.1460E+02
1.7570E+02
1.4385E+02
1.1777E+02
9.6424E+01

7.89453E+01
6.48635E+01
5.2919E+01
4.3326E+01
3.5472E+01
2.9042E+01

‘2.3778E+01

1.%468E+01
1.593%E+01
1.3050E+01

1.0684E+01
B.7474E+0C0
7.1617E+00
5.8635E+00
4.,8007E+Q0
I.9304E+00

-3.2180E+00

2.6347E+00
2.1571E+00
1.7661E+00

1.4459E+00
1.1838BE+0Q0
9.6924E-01
7.9355E-01
6.4971E-01
5.3194E-01
4,3551E-01
0.0
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(continued}

0.4 LETHARGY WIDTH STRUCTURE

ENERGY MESH
{EV)

1.4200E+07
9.5183E+06
6.3B05E+06
4.2770E+06
2.8669E+06
1.92188+046
1.2882E+046

‘8.6350E+405

5.7882E+05
3.88B00E+05

2.6008E+05
1.7434E+05
1.1686E+05
7.8335E+04
5.2510E+04
3.5198E+04
2.3594E+04
1.5816E+04
1.0602E+04
7.1064E+03

4L.7634E+03
3.1931E+03
2.1404E+403
1.434BE+03
9.6175E+02
45.6468E+02
4,3214E+02
2.89467E+0C2
1.9417E+02
1.3016E+02

8.7248E+01
5.8484E+01
T.9203E+01
2.6279E+01
1.7615E+01
1.1808E+01
7.9150E+00
5S.3056E+00
3.5564E+00
2.3839E+00

1.5980E+00
1.0712€+00
7.1804E-0C1
4.8131E-0C1
3.2263E-01

UPPER BOUND.

CEV?

1.7344E+07
1.1826E+07
7.7931E+C6
5.2239E+06
3.5017E+06
2.3472E+06
1.5734E+06
1.0547E+Q6
7.0698E+05
4, 7390E+05

3.1767E+05
2.1294E+05
1.46274E+05
9.5679E+04
6.4135E+04
4.2991E+04
2.8818E+04
1.9317E+04
1.2949E+04
B.479BE+C3

5.8182E+03
3I.9001E+03
2.6143E+03
1.7524E+03
1.1747E+03
7.8741E+02
5.2782E+02
3.5381E+02
2.3716£+02
1.5898E£+02

1.0656E+02
7.1433E+01
4 .7883E+01
3.2097E+01
2.1515E+01
1.46422E+01
9.6673E+00
6.4802E+00
4.3438E+00
2.9117E+0Q0

1.9518E+00
1.3083€E+00
8.7701e-01
5S.8787E~-01
3.9407E-01

LOWER BOUND.

(EV)

1.1628E+07
7.7931E+06
5.2239E+06
3.5017E+06
2.3472E+06
1.5734E+06
1.0547E+06
7.0698E+05
4.7390E+0S
3.1767E+05

2.1294E+05S
1.4274E+05
9.5679E+04
6.4136E+04
4.2991E+04
2.8818E+04
1.9317E+04
1.2949E+04
8.56798E+03
5,.8182E+03

I.9001E+03
2.6143E+03
1.7524E+03
1.1747E+03

‘7.8741E+02

5.2782E+02
3.5381E+02
2.3716E+02
1.5898E+02
1.0656E+02

7.1433E+01
4.7883E+01
3,2097E+01
2.1515E+01
1.4422E+01
9.8673E+00
&.4802E+00
4&.3L3BE+00
2.9117E+0C
1.9518BE+Q0

1.3083E+CO
8.7701E-01
S.8788E-01
I.9406E-01
0.0
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Table 4 Secondary gamma-ray energy

structure

No. |E(MeV) | No. | E(MeV) | No. | E({MeV)
1 13.0 [ 11 {1.0 21 | 0.075
2 16.0 |12 | 0.5 22 | 0.068
3 8.0 | 13 | 0.34 23 | 0.062
4 7.0 | 14 { 0.24 24 | 0.058
5 6.0 |15 | 0.18 25 | 0.052
6 5.0 | 16 { 0.15
7 4.0 | 17 | 0.125
8 3.0 | 18 0.108
9 2.0 {19 | 0.094

10 1.5 | 20 | 0.083

Table 6 Legendre expansion orders and lower

bounds ©of neutron energy

Nuclide | Order | E(MeV) | Nuclide | Order | E (MeV)
H-1 - - Si 10 0.106
H-2 6 0.106 Ca 10 0.106
Li-6 B 0.106 Cr 15 0.106
Li-7 9 0.213 Mn-55 15 0.640
Be-9 8 0.158 Fe 11 0.318
B-10 8 0.158 Ni 12 0.106
B-11 8 0.158 Cu 12 0.106
Cc-12 6 0.106 Zr 15 0.106
N-14 10 1.17 Mo 14 0.106
0-16 10 0.106 W 19 0.106
F 10 0.106 Fb 14 0.260
Na-23 14 0.106 U-235 15 0.215
Mg 15 0.106 U-238 15 0.106
Al=-27 10 0.213
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Table 5 Angular guadrature sets fixed in the code

le 20 28

W Awn Wy Awn W, Awn

1] 0.9894 1 0.02715 | 0.99311| 0.01761 0.9950| 0.010
2| 0,9446 | 0.06225 | 0.9640 | 0.04060 0.9835} 0.013
3| 0.86561 0.09516 | 0.9122 | 0.06267 0.9685} 0.017
41 0.7554.| 0.12463 | 0.8391 | 0.08328 0.9495} 0.021
5| 0.6179 | 0.14960 { 0.7463 | 0.101093 0.9260| 0.026
6| 0.4580 | 0.16916 | 0.6361 | 0.11819 0.8970] 0.032
71 0.2816 | 0.18260 { 0.5109 [ 0.13169 0.86201 0.038
81 0.0950 [ 0.18945 | 0.3737 | 0.14096 0.8210} 0.044
8 0.2278 1 0.14917 0.7740 | 0.050
10 0.0765 | 0.15275 0.7210| 0.056
11 0.6610 | 0.064
12 Symmetry 0.5930( 0.072
13 0.5170 | 0.080
14 0.4335; 0.087
15 Symmetry 0.3450 | 0.090
16 0.2525| 0.095
17 0.1550 0.100
18 0.0525] 0.105
19 -0.0525| 0.105
20 -0.1575| 0.105
21 -0.2625| 0.105
22 -0.3675( 0.105
23 -0.4725)| 0.105
24 -0.5750| 0.100
25 -0.6750| 0.100
26 -0.7725) 0.095
27 -0.8675] 0.095
28 -0.9575| 0.085
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Table 7 PALLAS-PL,SP-Br file requirement
Log%cal Contents Remarks
unit
1 Neutron library Neutron cross sections are read
from PALLAS library.
2 Gamma-ray library Gamma-ray cross sections are read
from PALLAS library.
3 Work for SEL
5 Input
5] Output
8 Work for WG WG(30,30,10) for non-hydrogen
9 Work for CIB
10 Work for FN Angular flux (150,30)
11 Work for FN Scattered angular flux at source
energy for MONOE>Q gamma ray.
12 Work for CIA Inelastic scattering matrix
13 Work for WT WT{306,30,30) fer hydrogen
14 Work for FN Angular flux for MONCE>0 neutron
i5 Work for KDATA Various data for electron cross
sections
19 Work for SG Secondary photon source
21 Angular flux Angular flux is stored if ITP21>0.
22 Scalar flux Scalar flux is stored if ITP22>0.

23

Reaction

Reaction is stored if ITP23>0.
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Table 8 Relation of main variables to program mnemonics

COMMON (DIMENSION)

COMMENT

/AAA/
WP (30)
WWP (30)
WBP (29)

/AAl/
BP1(20)
BW1 (20)
BB1(19)
BP2(20)
BW2 (20)
BB2(19)

BP3(30)

BW3 (30)
BB3(30)
/ccc/

AMU(10,20)

WAMU (10, 20)
JAMU/
AMAS (30)

SIGT (120)

wp; angular quadrature points
Amp; angular quadrature weights

Boundaries of wp ranges

Gaussian quadrature of 20 points

Weights for BP1(20)

Boundaries of BP1(20)

Gaussian quadrature of 16 points

Weights for BP2

Boundaries of BP2

Tailored quadrature of 28 mesh points for
detailed angular flux calculation for a point
source

Weights for BP3

Boundaries of BFPF3

Mo angular quadrature of neutron elastic
scattering angle

weights for M

Ai; Mass number of i-th nuclide

ot(Ej); microscopic total cross section
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Table 8 (continued)

COMMON (DIMENSION) COMMENT
FMU (80,20) fg(Ej)? 2-order of Legendre coefficient
CIB(80,80) Inelastic scattering slowing down cross
section

/DDbD/
JJ Total number of energy meshes
HH Lethargy width or energy mesh interval
IQ Number of angular meshes
Iz Number of material regions
EMAX Maximum enerqgy in MeV
E(120) Eﬁergy in MeV at energy meshes

/EEE/
MES (20) Number of meshes in each material region
DR(20) Spatial mesh interval in each region
NGECM Geometry

/FFF/
FN(lSO,BO) Angular flux (Spatial meshes, angular meshes)
SN(150,30) Angular source
CRT(20,120) Macroscopic total cross gsection
RD (600) Radial distances in cm (ri)
MS

/ GGG/
NOEL (20) Number of elements in each material region
NEK({20) Identification numbers in material regions
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Table 8 {continued)

COMMOM (DIMENSION}

ALPH(10,20)
ALHY (120)
/GAMA/
WAVE (120)
DWAVE (119)
SG(150,30)
GMU
JPP
/HHH/

FGM(10,80,20)

KMAX (20)

KK (30,20)

SIGMA (120,30)
/111/

MDT

WT (30,30,30)
/333/

RO {30)

SR{300)

SE(120)

/LLL/

COMMENT
STEY cosine of i-th scattering angle for
j-th nuclide
0 the same as above for hydrogen

Rj; wavelength of photon
Akj; width of j-th wavelength
Secondary photon source

1+ cosine of scattering angle

uo= k_Aj’

for pair production

zel(Ej)fR(Ej) for non-hydrogeneous pucllde
Maximum number of energy meshes concrening
to max. slowing down in elastic scattering
Number of & belonging to k-th slowing down

macroscopic elastic scattering cross section

Number of angular meshes in elastic scattering
Wi weight for wn

1/Ai; Ai is mass number.
Source spatial distribution

Source energy distribution
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Table 8 (continued)

COMMON (DIMENSION} COMMENT
A{(20) ZﬂAuIZel(Ej)fl(Ej)
MA
MYR
MRR Total number of spatial meshes
IPQK | Number of angular meshes for w>0.
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Z
A
cos? W,
<
coslw A\
2 A

Fig. 1 Relation between azimuthal angle of scattering §

and directional cosine wn'in scattering

|;.<I >l< >l< >l< .;;\E
E E E. E E -
] -1 j=2 j-3 -4
E
| (m})
| O I > n
1.0 Mo

Fig.2 Energy mesh assignment and relation

between energy points E(um) and
energy region of each energy mesh

.._66_
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0 Fig.3 Estimation of I(r',e') and Q(r',w"}

in spherical geometry

Fig.4 Determination of (r',8') in

spherical gJeometry

[ 11

E2 e8 e6 E1 e

Fig.5 Neutron mono-energy source

calculation scheme
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1 5 10 15 20 25 30 35 3% 0.1 lethargy
Ol o oo ool - waw=2)

2 I

5 10 15 41 43
Crp e bttt b a1
starts 0.2 lethargy-
width calculation.
¥ : (KIN=1)
1 5 22
N N O I A R I A e
Vv
23 40 45‘
I VS T R A S R
tY | ?
starts 0.4 lethargy-width thermal group

calculation (KIN=0)

Fig.7 An example of a series calculation by a
combination of energy structures of 0.1,

0.2 and 0.4 lethargy widths.

No. 1 2 3 4 5 6 7 8

l CORE . C ’ WATER IRON l WATER

LEAD ’ IRON | VOID \ IRON ,

v

NEJ= 1 2 3 - 4 3 6 4 0

Fig.8 An example of assignment of identification

numbers of material regions
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Mes No.
1 5 10 r'/ll 15
|;1||1||j||| Sx
0 18 34 cm
i 1
MES (1) 10 5
RR(1) 18.0 16.0
(A) Plane geometry
Mes No. 9 10 14
1 5 \1r/
AR EAE NN B N
0 18 34 o
i 1
MES (1) 9 5
RR (1) 18.0 16.0
(B-1) Spherical geometry (NBND=0)
8 9 13
LY
NN I N
-
0’[‘ 18 34 cm
RDST=4 cm ’
i 1 2
MES (1) 8
RR(i} 14.0 16.0

(B-2) Spherical geometry (NBND=10)

Fig.9 Spatial mesh assinment
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QUTPUT CF THE COMPUTATION

RADIATION ENERGY = 0.1000E+0ZMEV
ENERGY FLUX SPECTRUM EN/CMx*2 . SEC.MEV
R 1.82E+00 3.64E+00 T.29€+00 1.28E+01
0.0 0.0 C.0 0.0
FN — O %= EXP{ MU »+ X)
MU#R = 1.6C 2.00 4 .00 T.00
G.0 0.0 0.C 0.0
RADIATION ENERGY = D.95COE+GLIMEY
ENERGY FLUX SPECTRUM E.N/CM#*#*2 SEC.MEY
R 1.82E+00 3.54E+00 T.29E+00C 1.28E4+01
1.3840E-05 4.0388E-06 4.0745E-07 1.5430E-0b
FN = O « EXP{ HU % X)
MUxR = 1.00 2.00 4.00 7.00

3. T7621E-05 2

RAODIATION ENERGY

ENERGY FLUX SPECTRUM

.9943E-05 2.2245E-05 1.56%921E-05

0.F000E+0LHEY

i

TL.N/CMes2 SEC.MEY

R 1.82E+00 3.64E+CO T.2%95+00 1.28E+01
3.7146E-05 1.0970E-05% 1.13187-06 4,4271E-08
FN - 0 *= EXP{ MU + X}
MU*R = 1.0C 2.00 4,00 7.00
1.0097E-04 B.1059E-G5 6.1794E-05 4.8549€-05
RADIATION ENERGY = 0.8500E+01MCVY

ENERGY FLUX SPECTRUM
R 1.82E+00

ELN/CHMe2 [ SEC.HMEY

3, 64E+G0 7.29E400 1.28E+01

7.0161E-05 2.11867E-05 2.27TUSE~-06 9.2721E-08

FN - 0 * EXP{ HU * X)
MU*%R = 1.00 2. C0 4.00 T.00
1.9072E~04 §.5640FE-04 1.2296E-04 1.0279E~04

Fig. 16

3.64E401
0.0

2.73E+401
0.0

1.82E+401

2.73E+01 3.64E+01
3.4986E-12 2.0467E-14

1.82E+0G1
6.3940E-10

i0.00 15.00 2C.00
1.4084E-05 1.1437E-05 9.9300E-06
1.82€+01 2.T3E+O] 3.564E401

1.839236E-09 1.0918E-11 6.7279E-14

15.00 20.00
3,5690E-05 3.2642E-05

10.00
4.1710E-G5

3.b4E+01]
1.7479E-13

2.72E+01
2.6322E-11

1.8¢E+Q1
4,2114E-0G7

20.00
4.4800E-05

10.00 15.00
9.28%5E-05 B.6043E-05

Output print of enerqgy fluxes for the bremsstrahlung

photons
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s INPUT DATA LIST «
- *

[FEERIESRLER SRS R RS

....t....l....t....2....-....3....‘..-.4....*....5....0....6....=....T....‘....S

0 o G©
CF-$ A1R CONCR AIR 56-5-13, TEST OF PALPSS
1 2 0 o
2 0 1 0 1
27 27 45
6 20 1
o 3
14.20 0.10 1.000E 09
3 9 21 21 & 31
1-00 £.00 75.00 100.0 S00.0 15000.0
1.00 1.00 | 1.00
102900
0.005

2 2 2 & 2 2
1 1 1 4 1 1

AIR
N
1074 14.00 4.010€E-05
ary
1086 1&£.00 1.050&-05
CONG
HY
1011 l1.C00C C.01213
oxy
1086 16.000 0.04982
51
1140 28.00 0.01527
Ca
1200 40.0 0.00375
0
1c 0 1
3 17 25 33 3B 46 54 &40 71 81
TOSE RATE
C.150 0.1490 0.1480 0.1475 0.1472 D.1471 0.1470 G.1468
D.14686 D.1464 D.1462 0.14560 0.1459 041457 D.1454 0.1452
0.1450 0.1420 0.1400 0.1380 0.1360 0.1330 0.1310 0.12%0
0.1270 0.1220 G.1170° 0.1150 0.1040 0.1000 0.093 0.087
DOSE RATE
0.150C 0.1490 0.1490 0.1480 01470 0.1460 D.1455 0.1450
D.1430 0. 14000 0.1350 0.1310 Q.1270 G.1170 0.1060 D.0%3
0.080 0.068 0.0590 0.0505 0.0430 0.0370 0.033 0.028
0.0240 0.0206 0.0176 0.0150 0.0130 0.0110 0.0034 0.0081
ODSE RATE
0.150 0. 149 G.147 0.1455 0.1430 0.1380 0.1270 0.1180
0.9800 0.0600 0.04350 0.03300 0.02350 0.01740 0.01280 0.0C94
0.0068 0.0G50 0.0037 0.00368 ~ 0.00387 0.00368 0.0037 6.0037

0.00315 0.003380 0.CC365 0.00392 0.00410 0.00420 0.00426 0.00420
Cc.00420 0.00425 0.00430 0.00430 0.00430 C.00435 0.004490 0.0045
0.0045 0.0Q45 0.0044 0.0044 0.00385

....-....l....*....2....-..-.3....#....k....t....s....o....5..-.:....7....0...-8

aes INPUT GATA END #3+

Fig. 19 List of input data for smaple problem 3
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