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ABSTRACT

Two programs are described which have been coded for the
IBM-704 (and are compatible with the IBM-7090). The programs
calculate the neutron and/or gamma spectra, heat generation rate,
and/or dose rate at each of a group of point detectors, due to
each of a group of point sources. The sources may be divided into
sets, with each set having & unique source spectra. In addition
to the above calculation, the spectrum, heating rate, and/or
dose rate for each detector, summed over each source-point set
and over the entire source group may be computed. The two pro-
grams are similar, both computationally, and as regards input and
output information, excepting for the complexity of the problem

geometries acceptable to the programs.
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I INTRODUCTION

The two shield-penetration programs (C-17 and L-63) described
here were coded to take advantage of the data given in Reference 1
as well as to allow the computation of the heat generation rates in
a shield system due to the fast-neutron and gamma-ray reactor leak-
age spectra.

These programs are the latest generation in the continued
development of moments-method shield-penetratlon programs conducted
at the Nuclear Aerospace Research Facility (NARF) at General
Dynamics/Fort Worth (GD/FW). These methods were first used at
NARF to analyze data from the Nuclear Test Aircraft flights. The
methods were also used to code shield-penetration programs for the
IJBM-701 and IBM-704 in order to compute fast-neutron and gamma-ray
spectra and dose rates in shield systems described by a geometry
system similar to the simple geometry routine described in Section II.
This famlly of programs has been devéioped around the following
basic concepts:

Moments Met - This method 1is based upon the differential
energy spectra calculated by the Nuclear Development Corporation
of America (NDA) for a point isotropic source in an infinite
medium (Ref. 2)., The data represents a moments-method solution
of the fast-neutron and gamma-ray transport equation. A detailed
description of the use of these data is given in Reference 3.

This method implies that the only portion of the system affecting

dose rate (or spectra, or heat generation rate) at a detector due

11



to a point source a distance r from the detector is that portion
of the system lying onthe line of sight between the source and
the detector; hence, the techniques discussed below are required
in the use of this method.

The Stepping Point Method - This is an iterative method of

determining the intercepted distances between two points. In this
procedure, an iterative scheme is used to "step" a point through

the volumes of the system, and, after each step, tests are performed
to determine whether a boundary of the volume has been crossed,

The intercepted distance 1s then determined by the number of steps
and the length cf each step taken in each volume. A discussion

of the basic ideas and methods used in adapting this concept to
computer programs is given in Reference 4.

Distributed Source - The moments-method data. used 1in the

calculations are for point 1isotroplc sources; thus, it is
necessary to apprcximate the leakage from a reactor or other
scurce by a set of pcint sources., Each of these sources repre-
sents the radiation born in an elemental volume containing a
peint so that an integration of source points over the source
volume must equal the total radiation generated by the source.

The new programs differ from the earllier versions princi-
pally in the following new features:

1. Direct computation of radiation heat generation rates,

2. Greater resolution of gamma-ray energy spectra,

3. Capability for testing more complex geometries.



The lcgic involved in the programed solution of the spectral
and heat and dose equations as well as the equatlions themselves
are described in Section II, and the instructions and data formats
required in order to use these programs are given in Section III.
Four appendices centainsg

1. A l1list of the symbols used in the flow diagrams for
the two programs,

2. Derivations for the neutron flux-tc-heat conversion
coefficients,

3. Tables of data for the materials libraries, and

L, Neutron razference-material comparison.

13



II PROGRAM LOGIC

Each penetration program is divided into three subprograms,
namely: geometry, gamma, and neutron routines. The gamma and
neutron routines are the same in both programs. The geometry
routine of the first code (Cl7) is restricted to geometries com-
pbsed of frustra of rectangular pyramids and coaxial cylinders and
their annuli. The geometry routine of the second program (L-63)
accepts a more general class of sclids, specifically, cylinders and
their annuli which are defined about arbitrary axes, sectors of
these cylinders, and frustra of pyramids whose bases are quadrilat-
erals. In addition, using the spherical option, spheres, hollow
spheres or hemispheres, spherical sectors, and spherical sectors
with one or two ends cut off may be defined for L-63. This code
also accepts regions within regions and regions within regions
within regions in which the geometry types can be varied. These
routines are described in the following sections.

2,1 Geometry Calculation

The intercepted distances in each material along the line-
of-sight joining each source point with each receiver point are
required in the gamma and neutron routines. The purpose of the
geometry routine 1s to compute this information from data which
describe the geometry of the system and the location of source
points and detector pc¢ints,

The methcd described here 18 not the classical method of

determining the intercepted distances between two polnts, rather

15



it is an iterative method based upon the stepping-point concept.
Using this method, a point 1s moved along a line in steps of
known length, The stepping point P (with components Xp» yp, zp)
is originally coincident with the source point s (with components
Xgs Ygo zs). A step along the line-of-sight toward the detector
point is accomplished by adding a constant K times the direction
cosine vector L to the stepping-point vector. Thus,
P—> P + KT,
(The above expression should be read as:"P 1is replaced by P+KL".)

Or component wise,

x—> x, + Ki{
o>y, T kb
zﬁ—-—)-zp -+'KJ;

where-i&, £2,‘f3 are the direction cosines of the source detector
line-of-sight in the x,y, and z directions, respectively.

The stepping point must be ldentifiled as being 1in some
particular geometric volume before the first step 1s taken. Then,
after each step, the stepping point must be tested again to ascer-
tain whether it is still in the same volume. Once & boundary has
been crossed, a vernier effect may be achleved by taking one step
back, reducing the step size, and repeating the procedure until
the difference between the stepping-point position and the detector-
side boundary of the volume 1s less than the boundary uncertainty

parameter, Kgin.

16



The method of defining the geometric volumes for these pro-
grams rests on the concept of an x-plane, As used here, for a
given Cartesian coordinate system, an x-plane 1s a set of numbers
sufficient to define a plane area perpendicular to the x-axis of
the system plus the x-coordinate of this area, or the areas,
depending upon the context. Two examples of x-planes are shown

in the sketches below.

Z
Zmax
. Y
X
2 __ / —Zmin
Tain Ynax
) 4
Z
W'"ﬂ\
/ N
/ / I/T\#\‘ Y
/7
| £
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The first of these shows a rectangular area, hence the x-plane
consists of the set X, Yy ins Ypaxs Zpin? Zmaxs Ors the rectangular
area at x bounded by the last four of the above numbers. The
second 18 a circular annulus, so that the x-plane conslists of the
set x, Rypn, Ry, Or the annular area at x bounded by Rin and Ro'
For these programs, 2 volume is defined by two or more x-planes
of the same type, and that portion of the volume surface which is
not coincident with one of the defining x-planes is defined from
either a linear interpolation or, for the spherical option,
a particular second order interpolation between similaf points
of adjacent x-planes. A volume defined by rectangular x-planes
is sketched below. This volume is defined by three x-planes of
the type depicted in the first example above.

A

18



The class of "spherical volumes" acceptable to the complex-geometry
routine consists of those whose centers lie on the x axis (see sketch).
Thus, the equation for this class 1s
(x-K)2 + ¥2+ 22 . 0% .o,
where
K 1s the x-coordinate of the center, and
/fgis the radius of the sphere.

The interpolation formula 1is derived below,.

Rz
Ry I N
N '
N o\
N | // Rﬂ
N _-F
N ~ | -—
Xt X Xp Xe

Assume a portion of a sphere is to be defined with center at

X,, radius /° , and truncated at x4 and x4. Then RQ_QJ;?Q-(n: -xc)2
and R :Q/92-(x‘ -xc)e. Then, for some x

4 p? such that x, € xps x‘ s
the point R may be found in terms of xp, Xe » Ry s xﬁ s, and R‘ by

successive application of the Pythagorean Theorem:

R2 :fa—(xp - xc)2

RS = /2 (xa - xc)2
R% :,02-(.:p - xc)2



Combining the above equations gives:

R (g - %) - (B4 xp)(xy - xp) - xp

Xﬁ-xx

R2=

or

2

(ol

] -J(REHE)(X’! - %) - (B4 ) (ke - x) - x
= Xg - %o
A volume defined by cylindric x-planes of the type depicted in the
second example 1s shown below., It should be noted that the axis of
symmetry of this figure 1s colncident with the x -axis of the
coqrdinate system used to define the volume. This restriction holds
for the definition of all volumes used in the programs, excepting
those composed of x-planes of the type shown in the first example
above and the complex Cartesian x-planes for the complex-geometry
program. Different coordinate systems may be used for different
sets of volumes in the defined region by defining them with respect

to a reference system. yA

N
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Examples of spherical volumes which may be defined by a coordinate
type (CT) of -2 or -3 where the required x-plane parameters are:
1. ‘Sphere with center at x = a, and radius b:

CT = -2 (simple cylindric x-planes)

First x-plane: x=8a-b, Ry = 0, Ro =0
Second x-plane: x =a<+b, Ry = 0, Ro =0
Y
a
[ X
b
Z
2. Sector of a hollow sphere or spherical shell with center at

a, inner radius b; and outer radius by, with the sector
occupying the azimuthal anglular range (in the yz-plane)
g, to @, (see sketch on next page):
CT = -3 (complex cylindric x—planes)
First x-plane: Xx=48a-~-bgy R =0, Ry =0, @ - 71, = Po
Second x-plane: xza-=-by, Ry =0, Ry = Jbg-bg, @ = 52!1@2:512

L]



2 2
o - ba-bl) @1 = glo@a = ¢2
Fourth x-plane: X = a+bp, Ry = 0, R, = O, = 1, @ = %>

Third x-planes X = a+by, Rin =0, R

Yl

Note: The primed coordinate system is shown to illustrate the
method of measuring the azimuthal angles @; and @>. This system
is merely a translation along the x axis of the unprimed system.

nNo
N2



For clarity and conciseness, the following terms are used in des-
cribing both of the geometry routines, although those terms pre-
ceded by an asterisk are used for the complex geometry only. The
symbols used in the geometry flow diagrams are described in Appendix A.
l, x-plane - this concept is defined above.
2. element - a volume defined by two adjacent x-planes.

3. volume - a set of adjacent elements defined by a con-
sistent set of x-planes.

Three types of volumes are defined for the complex-geometry

routine:

a. *subregion - a volume containing only one material
and contalining no other volume.

b. *region - a volume which may contain an arbitrary
number of subregions of various materials and has
associated with it a base material which occupies
that portion of the region not occupied by sub-
regions,

c. "master region - a volume which may contain up to
10 regions of various kinds and has associated with
it a base material similar to that for regions.

Notes: All regions should be contained in a master
region, and all subregions should be contained
in a region,

For the simple-geometry routine, only one type of volume
is defined, and it 1s called a region. For this routine there
is no volume containment.

4, dummy volume - the routine requires that every part
of the problem space have some material assoclated
with it. The dummy volume 1s not a defined volume in
the sense that a number of x-planes are required to
delineate this volume. Rather, i1t is assumed that
the dummy volume occuples all space not occupied by
other defined volumes. For the complex-geometry
routine, the last master region defined in the
geometric input must be the dummy volume, while
for the simple~geometry routine, the last region
is the dummy volume.

23



5. source-detector line - the straight line connecting a
Bource polnt and a detector. (If this line has direc-
tion, as in computing the direction cosines of this
line, the sense is from source to detector.)

6. segment - the penetration distance along the source-
He%ecfor line through one volume multiplied by the
density of the material of the volume, or for two or
more volumes of the same material which are elther
adjacent, or separated only by void, the associated
segment.is the sum of the products of the penetration
distance through each volume and the density of the
material therein. (No segment or portion thereof
corresponds to a void volume.)

That 18, 1f My_1 % M £ M » and M, _q, My, 'and M,
are non-zero %hegt Mi is %‘Eu%ber use& %o iéentify‘iél
a material in the ith volume along a source-detector

line and My = O if the material i1s a void, the segment
Wy is given by

Wi =%/

where /o is the density of the material, and t is the
thickness (along the source-detector line).

If M =M _ o, 8nd M ;=0 (void), then

Wy = (83 P3+83 40P, 0).

7. detector-side bounda source-side bounda of a

volume) - e two adjacent intersections of the source-
etector line and the volume surface, the source-side
boundary being closest to the source point.

8. *envelope - for cartesian volumes - the smallest rectan-
gular parallelepiped which contains the volume 1in
question. This envelope 18 described by two x-values,
two y-values, and two z-values.

for cylindrjcal volumes - the smallest

volume, described by two x-planes of the same type used
to define the volume, which contains the volume.

9. *base material - for & volume - that material which
f1lls the volume, except for the space occupled by
subvolumes.

- for a problem - that material in which
the system is assumed to be immersed. (This 1s the
material associated with the dummy volume.)

24



2.1.1 Simple-Geometry Routine

2.1.1.,1 Volumes Acceptable to the Routine. Each volume used

to describe the system being studied should be defined by a set
of x-planes of one and only one of the following types (as illustrated
in Figure 2-1).

1, Simple Cartesian. The defined area is a rectangle

whose sides are parallel to the y and z axes. The

numbers necessary to define the area are Xps Ymin’
- =
Restrictions: Orientation Ymin = Yoax and
Zpin | Zpgy

2. Simple Cylinder. The defined area is a circular annulus,

The numbers necessary to define the area are xp, Rin’

and Ro (P1g. 2-1).

Restrictions; Orientation - All cylinders must be
defined to be coaxial with the x-axis
of the coordinate system used to define
the system and R n < Ro.

1
2.1.1.2 Method Outline. The segments Wy and the associated

material identification numbers Mi are evaluated using the
stepping-point described in Section I. The overall flow diagram
for the simple geometry code (C-17) is shown in Figure 2-2. A
flow diagram for the geometry routine 1s shown in Figure 2-3.
Nomenclature 18 given in Appendix A.

For a given detector point, all Hi, Mi, and the number of

segments, imax are determined for each source point by the method

25



(inereasing x 1s out of the paper)

NPC 14,512

Cartesian:
a., simple- b. complex-
z z (Ylhzll)
Ymin Ymax (Y sZ )
Z 3’73
max
(¥,,2,)
2’72
min (Yl'zl) L
-_—_—y —
Cylindrical:
¢. simple d. complex e. complex-rectilinear
Q
z 2 -]
z // z R4/2
o 02 e
W e VAYS
R R 1 ol
i // in ° ARin
Yy Y 1 —_— Y
f. Combination I g. Combination II
z 8 z °2

/"
Rin

—-——»y

/

Ro2 o
/”’// — 1
<>Rol Ry .
/-

Ll

X-PLANE CROSS SECTIONS
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NPC 14513

* bt
Start iy - S*t~1 R w(i) aee't??l;.1
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d—=d+l [xes+1 f—=5+1 iobta;:d
] max
< < Mimax vs
_ S,5% % d
Finish 2[d~dpa S%OMﬁ}q—-@i . 2-3)
>

Neutron
Calculation

(Fig, 2-12

il
Gamma
Calculation
(Fig. 2-11)
¢
H >U&\we
e <
B A ]l ey

FIGURE 2-2. SIMPLE-GEOMETRY GVERALL FLOW DIAGRAM
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outlined below. At this point, the neutron and/or gamma calcula-

tions are made, and this step is repeated until the calculations are

made for each detector point.

1.

A source point is chosen; then the source-detector
distance, D, and the direction cosines of the line
from the source to the detector are computed, and the
stepping point is taken to be the source point.

The stepping point is tested against each region. to
determine the region in which the stepping point lies.
If the.stepping point 1is found to lie within one of
the defined volumes, the detector-side boundary is
found by the method outlined above and the stepping
point is put past the detector-side boundary of this
volume but within K, of the boundary. Then the
distance between the source-side and detector-side
boundaries is taken to be a tentative segment. The
material number of this volume is found, and if it
is non-zero (material number zero is taken to be
void), the material number is tested against the
last non-zero material number. If the material
numbers are equal, the materials are the same, and
the tentative segment is multiplied by the appro-
priate density and added to the last segment. If
the material numbers are not equal, the materials
are different, and the tentative segment is multi-
plied by the appropriate density and stored as a

31



segment wi, along with the corresponding material
number M; and segment counter i. If the material
number is zero, the tentative segment i1s not used
as a segment or a portlon thereof.

4, Steps 2 and 3 are repeated until either

a. the stepping point is found to have passed the
detector - in this case, the distance between
the source-side boundary and the detector is
called a tentative segment, which 1s treated
as in Step 3 above, and the program goes to
Step 1, unless the source points have been
exhausted, or

b. the stepping point is found to be in an unde-
fined region (the dummy material) by testing
against all defined regions (Step 2) and find-
ing the stepping point in none of them - in
this case, the stepping point is taken to be
at the detector, and the distance between the
last detector-side boundary. and the dectector
is taken “o0 be a tentative segment and 1is
treated as in Step 3. Then the program goes
back to Step 1 unless the source points have
been exhausted.

2.1.2 Complex-Geometry Routine

2.1.2.1 Geometric Ordering of Volumes. In order to facili-

tate the reglion-search routine, each volume should be contained
in one of ten master regions. Further, if geometric complexity
warrants, each master region may contain up to ten regions and
each region an arbitrary number of subregions. This mode of
categorization has the advantage of reducing the number of
regions the routine must search at any particular boundary.
Also, each master region and each region will have associated
with 1t a base material (which should be either the predominant

material therein. or that material which would minimize the
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geometry description), so that only those volumes containing

materials other than the base need be defined.

2.1.2.2

Volumes Acceptable to the Routine. Each volume

used to describe the system belng studied should be defined by

a set of x-planes of one and only one of the following types

illustrated in Figure 2-1.
1. Cartesian

a,

b.

Simple. The defined area 1s a rectangle whose
sides are parallel to the y and z axis. The
numbers necessary to define the area are: xp,

Restrictions: Orientaticn - Y, <Y .. and
Zminfigmax'
Complex. The defined area is a quadrilateral,
The numbers necessary to define the area are:
xp, Yl’ Zl) Y2, Za, Y3, 23, Yu, Zu (Figo a‘lb)o
Restrictions: On the points Py = (xp,Y,52,),
i - 1:2)3:4

Orientation: PlP and P3Pu are not
parallel to the z axis.

FlFu and P2P3 are not parallel to
the y axis.

min(lea)s min(Z3Zu), and
min(YlYu)é min(Y2Y3).

Connectivity: Pl is adjacent to P
and Pu

Convexity: All internal angles less
than 180°.
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2. Cylindrical

a. Simple. The defined area is a circular annulus.
The numbers necessary to define the area are x ,
Ry,» and R (Fig. 2-lc). P

b. Complex. The defined area is a sector of a cir-
cular annulius, The numbers necessary to define
the area are x,, &, 6%, Ry, and Ry (Fig. 2-14).

2. GComplex rectilinear. The defined area 1is a
quadrilateral, two of whose sides are on radii
of a circle. The numbers necessary to define the
area are:

,@lp @2’ Rinl, Rina’ Rol, and Roa (Figo 2-13).

d. Combination. The defined area is a generalized
quadrilateral, two of whose sides are on radii of
a circle. The third side 18 a circular arc, and
the fourth, a straight line.

I. The arc forms the inner side. The numbers
necesgary to define the area are: xp,éyl, b s

Rins» Ro s and R, (Pig. 2-1f).

JI. The arc forms the outer side. The numbers
necessary to define the area are: xp,C)l,Cjza
Rinl' Rinz’ and R, (Pig. 2-1g).

The defined volumes using these x-planes may be defined in terms
of any arbitrary coordinate system. The only restriction is that
the ¥ axis of a coordinate system used to define a cylindrical
volume must be the axis of the cylinder.
Restrictions: Orientation - All cylinders must

be defined to be coaxial with the

X axis of the coordinate system

used to define the cylinder. All

azimuthal angles are positive and
measured from the y axis,

All angles are to given in degrees.
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2.1.2.3 Method Outline. The segments W; and the assoclated

material identification numbers Mi are evaluated using a modifica-~

tion of the stepping-point method described above. Flow diagrams

of the geometry routine are shown in Figures 2-4 through 2-9.

The general method of evaluating W; and M

1,

3.

4 is as follows:
The envelopes for all volumes are computed and the
coordinate transformation matrices (to transform a
point from the base system to the given system) are
computed for all coordinate systems. (Note: since

the matrix A represents a rotational transformation,

it is orthogonal, i.e., its inverse, A~l, equals its
transpose, K'.) This procedure is shown in FPigure 2-4,
A detector point is chosen and its coordinates are
transformed into Cartesian coordinates and into the
base system as shown in Figure 2-5, and all Wy, My,

and i,,, are determined for every source point by

the method outlined in Steps 3, 4, and 5. At this
point, the neutron and/or gamma calculations are

made and this step is repeated until the calculations
are made for each detentor point.

A source point is chosen and its coordinates are trans-
formed into Cartesian coordinates and into the base
system. Then, the source-detector distance and
direction cosines are computed. The stepping point

is taken to be the source point (Fig. 2-6).
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The stepping point is tested against each master region
to find the master region in which the stepping point lies
(Figs. 2-7 and 2-9). The stepping point is transformed
into the coordinate system of the volume and tested
against the envelope., If the point 1s not within the
envelope, a new volume is chosen and the procedure begins
over, If the point 18 within the envelope, then the point
is tested to see if 1t is in the volume (Fig. 2-9). If
the stepping point is not in the volume, a new volume

is chosen and tested, If the stepping point is in the
volume, the detector-side boundary of this volume is
found by the stepping~point method, and the distance ¢
between this point and the last boundary point 1is
determined (for the first boundary, the source point is
used)., The volume is then tested to see if it contains
subvolumes, If it does not, t is multiplied by the
material density associated with the volume and stored

as the 1°% segment W,; M;, the material identification
number, 1s also stored. Then, with the stepping point
barely beyond the last computed boundary point, this

step is repeated. If the volume is found to contain a
subvolume (Fig. 2-8), the stepping point is put on the
source~-side boundary point of the volume, and if the
containing volume 1s a master region, this step is
repeated, testing against the regions contained within
this master region; or 1f the containing volume is a

region, this step 1s repeated, testing against the
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50

subregions contained in this region,

After the last step has been performed a number of
times, one of two things will occur: Upon testing

the volumes to find which volume the stepping point

is in, 1t will be found, by elimination, that either
the stepping point is in none of the volumes, or, if
the set of volumes are master regions, it may be

found that the stepping point has gone past the
detector point.

In the first instance (Pig. 2-8), the stepping point
is assumed to be in the base material and the portion
of the source-detector line lying between the stepping
point and the detector-side boundary point of the con-
taining region (or the detector point if the stepping
point 1s outside all master regions) i1s tested to see
1f this line passes through a volume (or volumes).

If it does not, the stepping point is advanced to the
detector-side boundary of the containing regions and
the distance through the base material is taken to be
a segment Wy, and '1 and the associated M; are stored.
If the volumes of the set being tested are the master
regions, 1, is stored, and the program goes to Step 3.
If the volumes of the set being tested are regions
(subregions), then with the stepping point Jjust past

the detector-side boundary of the contalining volume,
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the set of master regions (regions) is considered. and
the program goes to Step 4.

If a volume (or volumes) lie on this portion of the
source-~detector line, then the source-slde boundary
point of the volume closest to the source is found,
and the distance that the stepping point goes through
the base material 1s called a segment Wy. W; and the
associated My are stored. The program then goes back
to Step 4,

If the stepping point has gone past the detector, the
segment Wy 1s taken to be the portion between the
volume sourcve-side boundary point and the detector.

The program then goes back to Step 3.
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2.2 Calculation of the Gamma-Ray Number-Flux Ener, Spectrum
Dose Rate, and Reat UEneraE*on Rate

The gamma-ray number-flux energy spectrum at a point in space

may be divided into twe components, a direct-beam portion. and a
scattered portion. Thus, F(Ea), the spectral point for energy
Eg at a point isotropic detector located at a point r in an
infinite medium due to photons emitted from a point isotropic
source located at the origin, and with source spectrum S(E,),

is given by

7 oo
F(Ey) z-3(Fa) ¢ Fa)r +f 8(Ey) I’(Ep,Eq,r) ABy, (1)
b p2 £y

where the first term on the right-hand side of the equation repre-

sents the direct-beam component, and M(E,) is the linear attenua-
tion coefficient for photons with energy E, in the material in
question. The second term in Equation 1 represents the scattered
portion of the spectrum; the function I '(Eb,E‘,r) is the
scattered portion of the differential number spectra of the photon
number flux in an infinite medium. The integration in the second
term is over all initial photon energies greater than or equal to
Eq.

The differential energy spectra of the gamma-ray number
flux at a point isotropic detector resulting from a point iso-
‘ tropic source, in an infinite medium, as computed by the moments
method (Ref. 2» have been used in determining the function

1’(EysEq,r). These differential energy spectra I, may be defined
as probabilities, per unit initial photon energy, that a quantum
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cf the gamma-ray erergy flux will be degraded from an initial
energy E, to an energy E_ (Eafi Eb) by the time the quantum
reaches a pcint 1soctropic detector at r. Hence, the differential

energy spectra and the differential number spectra are related
by

- 4
Ej =1 (Eb’Ea’r)‘ (2)

The data tabulated in Reference 2 are in the form

£z bme? eM(ET 1 (5 ,E ,MUE)") (3)

for discrete values of the three variables and for various materials,
Thus, when the integral 1s approximated by a finite sum, the

equation to be solved, from Equations 1 and 2 and the definition
above (Eq. 3), is

-ME)r -M(Ep)r
Pe,) - SE) et Sstgyre’
411 pe 47712 E,

bt (E ,E.),

where hf(Ea,Eb) is a numerical integrating, or histogram, factor,
and the summation 1s over initial photon energy Eb’ and is from
the energy E,; tc the maximum value of initial photon energy.
Equation 4 defines the energy spectrum of the gamma-ray
number flux in an infinite medium in terms of the spectrum at a

point detector at a distance r from the point isotropic source.



In order to apply this method to determining spectra in and around
reactor shield systems, 1t is necessary to assume that the spectra
may be reconstituted at each boundary, and that the spectrum on
the detector side of a boundary is equal to the spectrum on the
source side of the boundaryal As an example of this 1dea, con-

sider a source and detector shown in the sketch.

Material 1 Material 2

Photons from the source S, whose spectrum is taken to be Sl(Eb),
penetrate the two slabs with thicknesses t; and t and are detected
at the receiver at D, The spectrum at D, as an application of

Equation 4,1is given by:

“#2(E, )t e .
O OO R S L T

Ea hf(E.,Eb)} »

where D is the source-detector distance, and
85 18 the spectrum (excluding geometric attenuation)
at the boundary between the two materials,

So is given in terms of Sl, the source spectrum, by

So(Eg) = 81(By) e "FI(E‘M*Z_SL(_EL) r e ME)n he (Eq,Ep).
Ea

The validity of this assumption,and the second assumption
that follows, has been tested experimentally; the experi-
ment and analysis are reported in References 5 and 6.
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A second assumption inherent in this method is that differential

energy spectra for infinite medlia may be used to describe radiation

transport in finite media. One way of estimating the importance of

this finlteness of geometry, 18 to assume the correction to be

independent of final energy and to multiply the differential energy

spectra by the edge correction factors of Berger and Doggett

(Ref. 7).
These factors are defined as
e
. ="fb[1° (EsEq,r)/Eq} dEg
.g {1;' (Eb,Ea,r)/Ea}dEa

(5)

where Ig(Eb,Ea,r) and f:(Eb,Ea,r) are differential energy spectra

for a finite slab and for an infinite wedium, respectively.

function g may be rewritten as

F b 1T 1°
O .=2_ dE
J Io Eq a
- =0
€ = E, _co *
rbI
T
a

v a

0

The

It is assumed that the ratio Ig/i:’is independent of degraded

energy Ea and, hence, that the edge corrections are just the

ratio of the differential energy spectra for a finite medium

and the spectra for an infinite medium:
g = Igr(Eh:&nr)
- 7o) Epra,r
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Thus, if edge corrections are to be used, the function f in Equation
4 should be replaced by fg. This correction is optional in the
codes,

It has been assumed that any source may be replaced by a
set of point 1sotroplc sources; hence, the spectrum from the total
source 18 taken to be the sum, over all source points, of the
spectra due to each point. The points of this total spectrum are
then multiplied by either the flux-to-dose or flux-to-heat conver-
sion factors and by the appropriate integrating or histogram factors,
and summed, over energy, to give either dose rate or heat genera-
tion rate.

2.2.1 Spectral Calculation (for one source point)

The method used to evaluate the spectral equation (Eq. 4) 1is

shown in Figure 2-10, This flow diagram shows the method for
obtaining the spectrum at a detector from one source point, using
the segments determined by the geometry routine.

The evaluation of the spectral points Fg is as follows:

1. The spectrum 8b assoclated with the source pointl (from
Library 3) is taken to be the working spectrum S§, and
the first segment “1 and the material nuwmber My for this
segment are set up to be used. Note: the subscript i,
on W and M is used to denote segment number .

2. The subscript a, which denotes final energy (and, in a

manner similar to b, increases as final energy decreases),

1 The subscript b denotes initial energy, and b increases as
initial energy decreases; i.e., b = 1 denotes 10 Mev, b = 2
denotes 9 Mev, etc,
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is set equal to one. Fg, the scattered term of the
spectrum is set equal to zero in order to initialize
the summation over initial energy (Eq. 4).

3. The value of & 1s tested. If a is less than 13, b 1is
set equal to a, if a 1s greater than or equal to 13,

b is set equal to 13.

4, The values for the mass attenuation coefficient,/“, and
effective atomic number, Zepr, are taken from Library 1
for b and Mjy. Wi comes from the geometry routine, and
the number of relaxation lengths of material penetrated,
M oWy, 18 calculated. The coefficients for the

differential energy svectral functionl

¥ bt
- b Wi
are found (from Library 2) as a function of a and b, and
-unW
the function f‘e/”b 1 is evaluated using the variables
Zeff and/”bwi.
5. The parameter B is tested to see if edge corrections
are required for this calculation. If B is greater

than zero, the coefficients for the edge corrections2

1 fThe differential energy spectra have been fitted to a quadratic
1n/VbH and Zerr for each possible combination of a and b (since
degraded energy, for a particular case,must be less than or, at
most, equal to the initial energy, a=b). This representation
has the form P 2 2

X""“ {m} = A 4D *”z("‘ow)+ﬁ3("5 b/)Z.;g +A’ 2osr s i'af'Aa
It has been found necessary to section the curve fits in zef -
into three ranges(0-26, 26-T4, and T4-92)and to use differen
sets of coefficients for each range. See Reference 3.

The edge corrections have been fitted to a quadratic q{ tﬁa form
2 ,&1«? 'B'(,‘ WJ ¢ Bl Cﬂb w)"‘% (A‘ ‘V)!Q¢‘ ‘*& i.n +BS ?m- + (4
for each value of b, It has been faund necessary to section the

curve fits in XpW into two ranges (O-4 and 4-20) and to use
different coefficients for each range.
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are found (from Library 2) as a function of b, and the

function g 18 evaluated using the coefficlents Zgrp

and ApWy. Then,
- Wi
A W, Y-y V]
e §ege ik

is formed. If B 1s less than or equal to zero, J 18

given by
J - fe-ﬂb"‘//‘:

The histogram factor hfa,b and final energy E, are found

(from Library 2) and

ht
a,b

is formed, where sb,i-l is the current value of the
spectral point for b. Expression 6 has the form of
the summation of Equation 4, except that the limits on
the summation are from E; to the current value of Ej.
The parameter b is tested, and if b 1s greater than one,
the current value of b is decremented by one and the
routine goes to Step 4. If the current value of b is
one, F# 18 now the scattered term of Equation 4 and
the direct-beam term 1s to be computed next. PFirst,
the mass attenuation coefficient 4is found (from
Library 1) for a and M. Then/gﬂ1 is computed and the
new current value of the spectral point for a, 8;,1’

1s given by

* * - W
SaL1=Fa.+$aaL,1=.le a1
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Next, a is tested and if a 1s less than 14, a is incre-
mented by one, and the routine goes to Step 3. If a is
equal to 14, 1 is tested, and if i is less than 1nax
(which 18 computed by the geometry routine), i is incre-
mented by one, and the routine goes to Step 2; if i is

equal to 1 the function F‘is computed from
ma o

Xy

*rl - 1::)4$nngb I
a - Py ¥.%3 ’ ' (7)
where I is the source intensity (from Library 3),

D is the source-detector distance (from the
geometry routine), and '

S*,1

a? lmax is the new current value of the spectral point

for a and for the last, or imaxth

The function Fg is computed for each value of a, and

, segment.

is the evaluation of the photon number-flux spectrum

at the detector due to the given source point.

2.2.2 Determination of the Spectrum, Dose Rate, and Heat
Generation Rate

The method used to determine the spectrum, dose rate, and
heat generation rate is shown in Figure 2-11. This flow diagram
shows the method for obtaining these parameters from the spectra
determined by the spectral routine (Sec. 2.2.1).

The method is as follows:

1, The following parameters are set to zero in order to

initialize the various summations: D¥*, H'", and @) —

the dose rate, heat generation rate, and spectrum,
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respectively —summed over all source groups. The source
group index S* is setf to one.
The spectrum GZ, summed over all source points in source
group S¥*;, is set to zero in order to initialize the
summation over source points. The source-point index S
is set to one.
The spectral function Fg’for source-point 8 of source-
group S* is found (Sec. 2.2.1).
The degraded-energy index a 1s set to one; then Q, the
source-pcint print optiocn is tested. If Q is one, dose
rates and/or heating rates due to each source point will
be calculated to be printed out in addition to the normal
printout. If Q is two, only the normal printout will be
made, and for each value of a, F: obtained in Step 3
will be added to the current value of G¥. If Q 1s one,
the dose rate due to each source point will be calculated
if X=2 and the heat generation rate will be calculated
if XZ2., 1In addition, for each value of a, F:,obttined
in Step 3, will be added to the current value of al.
The equations used to compute the dose rates and heat
generation rates are:
14

DEx FILPAS, ana H'{é FreTPRS

where hfy are integrating or histogram factors from
Library 2,
5:c>are flux-to-dose conversion factors from

Library 2,
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¥H
<£b are flux-to-heat conversion factors for
material of unit density, and are a function
of Mimax (from the geometry routine) as well
as a; they are listed in Library 1,and
/° 1s the material density assoclated with My _
max
from the problem deck.
S, the source point index, is tested; if S 1is less than

S the total number of source points in the s*th source

ms#,
group, S is incremented by one and the routine goes to
Step 3. If S is greater than or equal to Sms*. q:’is
now the total spectrum for group S* and the dose rates
and/or heat generation rate are calculated as in Step 4
with (}: substituted for F:. If X=2, Dz’ is replaced by
the sum of the current value of D¥* and DY the dose rate
due to the S*"b gource group. If XZ2, Hx’ is replaced
by the sum of the current value of H¥* and HY® the heat
generation rates due to the s*th gource group. In any
case, GZ' is replaced by the sum of the current value

of G°* and G¥ in order to generate the total spectrum.
S#* is8 then tested, and i1f S* 13 less than s*m, the total
number of source groups, S* is incremented by one and
the routine goes to Step ?. If S* is greater than or
equal to S¥, then the current values of G:*, D¥*, and
H” are the total spectrum, dose rate, and heat

generation rate, respectively, at a detector due to

all source points.
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The data generated by this routine for program output are:

Gg* (for a = 1 through 14) - the spectra

a. Gg and
of the gamma-ray number flux summed over each
source group and over all source groups, respect-
ively.

b. D¥ and D** - these are generated only if X < 2;
they are, respectively, the dose rate due to each
source group, and the total dose rate. If Q is
one, in addition to the above, the dose rate due
to each source point 1s printed out.

c. HY and H'* - these are generated only if X > 2;
they are, respectively, the heat generation due
to each source group, and the total heat genera-
tion rate. If Q 18 one, in addition to the above,
the heat generation rate due to each source point

is printed out.
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2.3 Calculation of the Neutron Number-Flux Energy Spectrum, Dose
e, and Heat Generation

The neutron calculation is based on the assumption that the
moments-method dose rates and energy spectra of the fast-neutron
number flux due to a point isotropic Watt fission source in an
infinite medium of a few selected reference materials may be used
to determine the spectra and dose rates in arbitrary combinations
of arbitrary materials.

The method used to determine these fluxes and dose rates is

based upon the concept of an equivalent segment We The equiva-

q‘
lent segment for a material whose actual segment is W and whose

removal cross section (per unit density) 1s Zp is given by

ZR
Weq =
Z RR

W, (1)

where.ZhR is the removal cross section (per unit density) for the
chosen reference material. The total equivalent segment is the
sum of the equivalent segments for each segment along the source-
detector line. This total equivalent segment is used to deter-
mine the attenuation factors for the spectral points and dose
rates, and these factors, when multiplied by the source intensity,
and the geometric attenuation factor are taken to be the values
of the spectral points and dose rate at the chosen detector due
to one source point. Hence, the spectral points and dose rate

at the detector due to the total source is the sum, over all
source points of the spectral-point or dose-rate function per

source point. The heat generation rate 1s computed from the total
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spectral function by multiplying 1t by appropriate integrating or
histogram factors and the fast-neutron flux-to-heat conversion
factors (Appendix B) and summing over neutron energy. A comparison
of fthe various reference materials in a given geometry 1s located
in Appendix C.

The method used to perform the neutron calculations 1s shown
in Filgure 2-12. This flow dlagram shows the method for obtalning
these parameters from moments-method data for neutrons.

The method used is as follows:

1., The following parameters are set to zero in order to

initialize the various summations: Dg* (for a = 1 to
8nax+1) - the first a . of these are the neutron

spectral terms, and the a term is the dose-rate

max+l
function summed over source points; a is the neutron-
energy index and increases with decreasing energy,
i.e., 2 =1 for Emax5 Hn* - the neutron heat generation
rate summed over all source points. S#*, the source-
group index, 1s set to one,

2. The following parameters are set to zero in order to
initialize the various summations: D2 (for a = 1 to
amax+l) the neutron spectral terms and dose rate and
Hn, the heat generation rate summed over all source
points in source groups S*, S, the source point index
is set to one.

3. The total equivalent segment for source point S of

source group S* is found from

weq = _FR#. ) ma.’x zhi Wi ’
=1
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where 1, ., is the number of segments on the source-
detector line (from the geometry routine))
Wi 18 the 4th segment as computed by the
geometry routine,
2E;1 is the removal cross-section (per unit
density) for the 1®0 material and is from
Library 1 for material Mi, and
2{ is the removal cross section (per unit
density) for the reference material and
is from Library 1 for the material corre-
sponding to the reference material.
The energy index a is set to one, and H'*, the heat
generation rate per source point, is set to zero,

4, The neutron moments-method energy spectral F&’ is

generated and the spectral point for energy a,

Paz2.6 - B .1,
1s computed (I is the source-point fission intensity from
Library 3 and 2.46 1s the number of neutrons per fission).
Then, the function Dg is replaced by the current value

of D} plus FJ] and the detector print option X is tested.

1 7he moments-method attenuations for neu ng have_been fitted to
a polynomial of the form 47re FQ - exp{CiW'+ CoW3+ Cawe+
CyW+Csyand the coefficients for this polynomial are Iisted
in Library 1 in order of descending energy; the last set 1is
for the dose-rate curve. It has been found necesasary to section
these curve fits in order to obtain a better fit; hence, two
sets of coefficients are shown in Library 1, one for WSBP, and
one for W2BP (BP is an arbitrarily chosen segment, and fopr the
data shown in Appendix C the most common value is 60 gm/cm®).
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If X is greater than or equal to 2, the source-point
option Q is tested. If Q is 1, then HP** is replaced
by the current value of HP** plus the product of F3,
Sgﬂ(the neutron flux-to-heat conversion factors from
Library 1), and bf, the integrating or histogram factors
from Library 1.

a is tested; if a is less than 8nax? the routine goes to

Step 4., If a - a Q is 1,and X=2, the current value

max’
of HO™* is the heat generation rate due to the one source

point and this value 1is to be printed out by the program.

If a = and X£2, the dose rate is to be computed;

8nax:
hence, a is set equal to a ., .,

then Q is tested, and if Q 18 1 the dose rate for the

1 and Step 4 is repeated;

n
source point, Famx+l,is to be printed out by the program.
The source-point index S is tested. If S is less than
smx(s*), the number of source points in the s*th gource
group (from Library 3), then S 1s incremented by one and
the routine goes to Step 3. If S = S, (S%), the

n -
current values of Dy (for a = 1 through amax) are the
spectral points for the energy spectra of the neutron

number flux due to the S‘""h

source group and the current
value of D:max +1 is the dose rate for this group.

These numbers are printed out by the program. If X = 2,
and Q>1 the heat generation rate due to this source

group is calculated from

T



The

2 nax

n
HY = 3~ DD ufhd 0¥,

a-l1

where the parameters are as defined above.
S*, the source-group index, 18 tested; if S* is less
n'l
than S;ax (from Library 3), D, (for a = 1 through Snax+1)
is replaced by the current value of Dj plus D, and Hn*
*
is replaced by the current value of H? plus Hn; then S*
is incremented by one;, and the routine goes to Step 2.
If S* = S%,., the current value of H"* is the heat genera-
tion rate due to all source points, the current values of
Dg' (a = 1 through amax) are the spectral points of the
energy spectrum of the neutron number flux due to all the
n*
source points, and Damax-#l 1s the total dose rate.
data generated by this routine for program output are:
D2 and DB* (for a = 1 through apg,) - the spectra of the
neutron number flux summed over each source group and

over all source groups, respectively.

n#s n#*
Damax +1? Dnamax-r 1’ D‘max-r 1

point, per source grcup, and total, respectively.
*
g**, g, "

~ the dose rate per source

- the heat generation rate per source point,

per source group, and total, respectively.
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III UTILIZATION

3.1 @General

This section lists the required formats for library and
problem input for both programs. The data and program-control
parameters required for utilization of these programs are grouped
into three libraries and a problem deck. In addition, there are
two libraries peculiar to the simple-geometry program (C-17), one
of which controls readout of information from the library tape,
while the other allows deletion of decks from the library tape.

The input datﬁ for the program are input in blocks called
data files. These data files contain the required computational
and/or program-control data and an end-of-file symbol whic!: consists
of an asterisk (*) and an identification number. The first piece
of data in a file must start on a new card and any alphabetics in
the data file must be restricted to the columns shown in the for-
mats (Figs. 3-1 through 3-8). The data 1s restricted to Columns
2 through 62 of the cards, and the end-of-file symbol should begin
in Column 58. (This symbol may be put on a separate card if de-
sired.)

Except for the alphabetics, the conversion digits (the 6, 7,
or 8 which must be put in Column 1), and the end-of-file symbol,
the data are not restricted to any particular columns within the
data field; rather, only the order of the input is important, and
more or less data can be put on a card, 1f desired, than is shown

in the formats.
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The conversion digit 7 1s restricted to use as shown in the
formats, and all numbers on a 7 conversion card must be preceded
by a sign and must not have a decimal point; this conversion is
used for control parameters. The 6 and 8 conversions are used for
data input and may be used interchangeably from card to card.

For 6, or fixed-point conversion, numbers are input in
normal fashion with signs and ‘decimal points. Signs must be in-
put in all cases. and occupy a column in front of their respective
numbers. The decimal point 1s assumed to be to the right of the
last digit 1f it 1is omitted. A fixed-point number may consist of
up to 11 digits, with never more than 10 digits to the right of
the decimal point.

For 8, or floating-point conversion, numbers are represented
by the sign of the number, followed by from one to eleven digits
representing the fraction, followed by the sign of the exponent
and one or two digits representing the exponent. Thus, the input
number x is defined to be

xz P« 108,
where 0.12p €1, orFP =0
and - 37T<= E =38.
The above restriction on E is approximate, since this restriction
is, in general, dependent on the number of digits of the fraction

F. The actual restrictions on input numbers are:
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For any number Xx, |x |‘$1.701u118216 x 1037,

The smallest number the program will accept 1is

shown in the table below in terms of the number

of digits in the fractional portion:

Number of Minimum Number Number of Minimum Number
Digits Digits
in Praction | Fraction Exponent in Fraction| Fraction Exponent
1 + =37 7 21000000 -31
2 *10 -36 8 £10000000 -30
3 *100 -35 9 +100000000 -29
4 $1000 -34 10 $1000000000 -28
5 tlOOOO -33 11 1000000000 -27
6 4100000 -32

Thus, from the table it is seen that +1 - 37 ( 1.0 x 10'38) and

-22 - 36 (—2.2x10'37) are allowable input numbers, while +12 - 37

(+1.2x10'38) is not. Note: for floating point conversion, the

decimal point is assumed to be at the extreme left of the fraction,

but decimals do not appear in this representation,

The error printout from the programs are self explanatory,

but the errors found by the executive program (CF-109), are one

of the following:

Error Number 1 - The program has found an undefined
symbol, illegal double punch, or
illegal blank column in the data
field of some library or data card.

Error Number 2 - Exponent trouble in floating point.

Error Number 3 - Undefined control punch in Column 1
of some library or data card.
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A detailed description of the library and data formats is

given in the followlng sections.

Note: The Library 1 and Library 2 formats, and hence the
data for these libraries, are the same for both
programs.

Note: All libraries require 7 conversion for the first
data file in the library, and 6 or 8 conversion
for all other data files.,

3.2 _Library 1l: Material Data (Fig. 3-1)

This library is composed of an arbitrary number of decks,
each deck containing all of the data pertaining to one material.
Two types of decks may be written into this library. The first
of these, which 18 the type used for neutron reference materials,
must contain a #15 data file (neutron differential number-
spectra curve-fit coefficients). For this type deck, amazt 0,
and EG 0. Each of the other data files of this library
(Fig. 3-1) may or may not be listed. The second type of deck
is that used for non-reference materials; this deck must contain
a *13 data file (neutron heating coefficients). In this case,
8nax = 0, EG = O and no *14 or *15 data files may be put in the
deck; each of the other data files of this library may or may
not be listed. A non-reference material deck may be made into
a reference material deck by an appropriate change 1in amax and
EG, and by adding a data file #*15. Appendix D gives typical

Library 1 deck 1lists for various materials.
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A,

Each Library 1 deck may contain the following data files:

Control Parameters (*lb). This data file consists of one

card (Fig.3-1)containing the following:

1,

Library type identification;, i.e,, LIBRARY DATA+1.
(Columns 2 through 16)

M, the material number (a positive integer). This
number serves as a deck identification number, and

hence the decks should be numbered consecutively.

This number is also used by the program to determine
which material deck 18 to be identified with a given
region for a particular problem (Figs. 3-7 and 3-8).

EG, neutron-energy-mode identifier. This number 1is
input as an integer, OLEG<5. Each non-zero value of
EG identifies a particular set of neutron energles,

the first four of which are listed in Table 3-1. The
number EG is non-zero only if the material deck contains
a *15 data file (neutron differential number-spectra
curve-fit coefficients) and, in this case, EG refers

to the set of neutron energies (from Table 3-1) to which
the neutron curve fits correspond.

8naxs the number of energies for which the neutron
differential number spectrum 1s defined in the

material deck. a ., 18 non-zero for reference materials

only and, in general, O<a,,. £10.
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B. Removal Cross Sections (*11)

Fast neutron removal cross sections are in units of cmz/gm.
(The cross sections for the various material decks are from
Reference 8,)

C. Gamma Data (%*12)

If a Library 1 deck contains a *12 data file, then each of
the elements listed below must be put in, even though these
data are input as zeros. These data are input in order of
descending energy and the energy sets used are listed in
Table 3-2. The coefficients in this data file are:

1, /Ql through/”lu, gamma-ray attenuation coefficients
or mass absorption coefficients in units of cma/gm.
These coefficients have been interpolated from
Reference 6.

2. Zeffl through Zeff,), effective atomic number. For
elemental materials, these are the atomic number of the
material, hence, are independent of energy; but for
mixtures and compounds, Zeff is found by first computing
the absorption coefficient per electron (using the
formulae below), then from the computed X, an interpola-
tion of Z is made as a function of the absorption
coefficient per electron for the elements., This Zeff
is, in general, a function of photon energy.

The absorption coefficient per electron for mixtures

and compounds 18 given by
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/a/e %N' Mgy B
=1

9

where
N is the number of elements in the material,
H = N—]" ]
> A2y
i-1
f?i = the weight fraction of the ith element for mixtures
- :fa_z___.where ny equals the number of atoms of the
- 174
A ith kind (which has atomic weight Ai)
in a molecule for compounds,
/Léai is the absorption coefficient (cm2/gm), and
:Zj_ i1s the number of electrons per gram of the ith material.
3. o through 4., 1y » BAMMA-ray flux-to-heat conversion

;
-

zHgactors. These factors are gilven by

- i -13
J; - Ei(,’ LT e Si) x (1.602 x 10 watts/Mev),

where
By = the photon energy for which the coefficients
are being computed (in Mev),
fz is the material electron density (in electrons/gm),
(T;i is the Klein-Nishina scattering cross section
as stated on page 25 of Reference 9 (in cm2/
electron) in hydrogen for the energy Ei’ and
/LLi is the gamma-ray attenuation coefficient for

the 1th energy, as defined above.

I
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D. Neutron Flux-to-Heat Conversion Factors (#*13)

As stated above, if the Library 1 deck pertains to a non-
reference material, the deck must contain a *13 data file
(this may be simulated by a card containing one or two zeros
and the end-of-file symbol, *#13)., This data file consists
of from one to five sets of fast-neutron flux-to-heat con-
version factors and an identifying symbol 8 ax 28 defined
below.

1. 8maxEG) , the number of energies for which the neutron

differential number spectrum is defined for

neutron energy mode 1.

amaxgca ...amaxgqs are similarly defined for neutron

energy modes 2 through 5.
h K

2, 60'

WH

throughcfd. fast-neutron, flux-to-heat con-
version factors. These factors are proportional
to group-averaged neutron elastic-scattering
cross sections (or other applicable fast-neutron

cross sections), and are given by

NH -
where
zﬂlal is the neutron scattering cross section per unit
density averaged over afh energy group of the

neutron energy mode 1, and

€a1 1s the fraction of the initial neutron's energy
dissipated as heat.
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A more thorough treatment of these coefficients, and the
coefficients for other neutron reactions is given in Appendix B,
HH

3. &7 . through &, " § through & o
o &_zf(:’] roug O"MWE‘GI go0ay naféﬂﬁx roug %‘éﬁg””
rast-neutron flux-to-heat conversion factors for neutron

energy modes 2 through 5, respectively. The units of
é;;: will be wabtcma/heutron-gm. i.e., the heat in watts,
generated by one neutron in traveling one centimeter in a
material of unit density.

E. Neutron Reference-Material Data (*14 and *15)

The last two data files (*14 and *15) shown in Figure 3-1 must
be listed for all reference materials,

The first of these data files (*14) consists of the neutron
histogram factors; these are the numerical integration factors
used in the integration over neutron energy required for the

neutron heating calculation., This data file consists ofs

hfl Lithrough (hf , ©hieutron histogram factora. - These
amax y

factors are listed only.for reference materials, and the

energy mode used to derive these factors is that mode used to
define the neutron differential number spectra for the material
for which the deck i1s defined.

The second data file (*#15) contains the curve-fit coefficients
for neutron differential number spectra. In general, it was
not possible to fit these spectra to one set of coefficients

and, hence, two sets are required along with a break point



BP (if the equivalent thickness t__ <BP, the first set is used,

eq
and 1f tequP, the second set is used). This data file con-

sists of:

1. through
1,1 gh Cy s,

the neutron differential number-spectra point for the

the set of curve-fit coefficients for

highest energy. Two sets of these coefficients are needed

for each energy; one set for 0 = t, = BP, the second for

q
BP = t o < 250 gm/cm2, The coefficients are for the

function
4 3 2
4mt? p(t) - exp(Cyt + Cpt” 4 C3t° + Cyt + C;)

2
where t 1s to be in gm/cm“. 02,1 through Cp 5 C3 3

through 03’5’ eeey C through C are the sets of

fnax,1 8max,5

curve-fit coefficients for the remainder of the neutron

differential number spectra and are in order of decreas-
ing energy. The set of coefficients C through
8max+l, 1

c fit the fast-neutron dose rate in the same
8max+l,5

manner as for the neutron spectra.

Note: All of the neutron dose-rate curves were computed
usi the flux-to-dose conversion factors set forth in
NY0-6269 (Ref. 10)., The curve-fit coefficients must be
input such thag the independent variable ¢t will have
units of gm/cmS and the function F(t) will have units

of neutrons/bma-sec-nev per incident neutron for the
spectral curves and millirem/hr per incident neutron

for the dose-rate curves. The data from which these
coefficients were generated are given in References 11, 12,
apd 13.

[a3]
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2. BP, curve-fit break point. This number is used to indi-
cate which one of the two sets of curve-fit coefficlents
for the neutron spectra are to be used to generate the
spectra for a particular value of t, since one set of
coefficients is defined for t<BP., and the second for
t2BP., Note that BP has the same units as t; namely,
gm/cme.

3.3 Library 2: Gamma Data (Fig. 3-2)

This library is composed of one deck which contains gamma-
energy values, flux-to-dose conwersion factors, coefficients for
the curve fits to the differential energy spectra, histogram factors
required for both the gamma spectral integration and the integra-
tion over energy required in the gamma heating and dose-rate
calculations, and the coefficlents for the curve fits to the edge
corrections of Berger and Doggett (Ref. 7).

Appendix D gives the Library list presently in use at GD/FW.

Library 2 1s required to have a data file *20 (edge correc-
tions) and may contain the following data files:

A. Control parameters (#*16)

Library-type identification; i.e., LIBRARY DATA +2
(Columns 2 thru 16)

B. Gamma-ray initial/fina -£Q-

conversion factors (*1

1. Eal through Ealu’ degraded gamma energies. The four-
teen values are listed in Table 3.2.

2. Ebl through Eblh’ initial gamma energies. These are
the same as the degraded energies with the exception

of the lowest energy (0.25 Mev), which is deleted.
90
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¥D g2
3. éri through dﬂl » flux-to-dose conversion factors.
moa-x

These are listed in Appendix D.

C. Gamma-ray differential energy spectra coefficients (*18)

1. Zeff(maxy), break point between set A;,,, and set
A2,xx of the A's.

2. 1l 1 s WAL 1
A,y vhroush Ay ¢ .eeshyg) g 104,6° "€
coefficlents for the curve fits to the gamma-ray

through A

differential energy spectra for the case 0 $2Z< 26,

These coefficients are for the function

I /
_/‘A_f_ = ACk r):/)z(/g r_)w"(/«‘r)z“u??f.ﬂ's{ £ 6)
where

A 1s the gamma absorption coefficient
at energy Eb’ and

£(T) 1is the gamma-ray differential energy
spectra as defined in Reference 2.

The dependence of the A's (as shown by the second
subscript) on the energy indices a and b (or
equivalently on degraded and initial energy) is as
shown in Table 3-2,

3. Zeff(max2), break point between set A2 xx and set
>

t
A3,xx of the A's.
4, The sets of coefficients A% through A2 ceey
1,1 M,6
2 : 2 3 3
A104,1 shrough A104,6 and Al;l ey A104,1 through

Aigh,6 are similarly defined for the ranges

26< Z £74 and T4E 92, respectively.

\O
ny



D.

E.

5. Zeff(max3), a value as large or larger than any Zeff
to be used.

Note: There are three #*18 files, one for each set
Zeff(max) and A's,

Histogram Factors 5*12)

hr,1 through “31105' histogram factors for the spectral

integrations and for the integration over degraded photon
energy required for the gamma heat generation rate and
dose-rate computations. These factors are input in the
same order (as regards initial and final energy indices
data) as the differential energy spectra (#18) file.

Edge Corrections (*20)

1. Mr(maxl), breakpoint between set B, .. 2nd B

» XX 2,xx
of the B's,
2. B . through BY 4 through B¥ the
+ B, 1,6..., B13,1 B3,6°

coefficients for the curve fits to the edge
corrections to the gamma-ray differential energy
spectra for the case 0SS Ar < 4, These coefficients

are for the function
L - BOwNrSsBlarrr8'ch 22+ 82+82%85
where

Nb is the gamma-ray absorption coefficient
at energy Eb ’



g(T) 1s edge correction of Reference 7, i.e.,

with the buildup factors in an infinite
medium, B(t,°), and for a slab, B(t,t),
as defined in Reference 4.
5 5 5 5
3. Bl,l through El,6,"" 313’1 through El3,6 are
similarly defined for 4<Apr <20, The first
subscript on the B's refers to initial photon
energy and 1s the energy counter b, as used in
(C) above.

4, _Mr(max2), a value larger than any,/ir to be used.

3.4 Library 3: Source Data

This library 1s composed of an arbitrary number of decks,
each deck contalning the source data for a specific problem.
Each deck contalins from one to 8ix source groups and the required
deck-control data. Each source group contains the source-group
gamma spectrum (13 quantities which define the gamma spectrum at
each source point in the group) and four quantities for each
source point in the group, namely, 3 source-point coordinates
and the source intensity. Each deck is limited to, at most, 6
source groups and to a total of 500 source points which may be
divided among the source groups in any manner. This library is

required to have a data file %22,

oL



3.4.1 Library 3 For Simple=Geometry Program (Fig. 3-32.

Library 3 for the simple-geometry program (C-17) con-

talns the following data filles:

A.

Control parameters (*21)

l.

2.

3.

Library-type ldentification, i.e., LIBRARY DATA= 3

(Columns 2 through 16)

N,» the number of source groups, 1< N = 6.

c

Nsl’ st, voey Nch, number of source polnts 1n the

1st, 2nd, ..., N.th source group, respectively.

Source data (#22). There must be Nc of these fields,

one for each source group.

1.

Sl, 82, cesy 813, the gamma-ray spectrum, tabulated

in order of decreasing initial photon energy (from

10 Mev to 0.5 Mev).

X, ¥, 2, I, the x, y, and z coordinates of the

source point and the source intensity; one set

of these four numbers must be input for each source

point 1in the source group.

Note:

For reactor radlation problems, or any other
problem where the neutron portion of the pro-
gram 18 to be used, the gamma spectra should
be normalized to the number of photons per
fission-Mev 80 that the source intensity
may have units of fissions per watt of reactor
power. If the program is to be used for
secondary-gamma calculations, or calculations
of a similar nature where the neutron portion
of the program 18 not used, the normalization
of the spectre is arbitrary, since the gamma
spectra multiplied by the source intensity
must result in units of photons/sec-Mev for a
given power level.
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3.4.2 Library 3 for Complex—Qeometry Program (Fig 3-4)

A library 3 for the complex-geometry program (L-63) con-

tains the following data filesg

A.

Control parameters (%*21)

1.

2.

Library-type identification, i1.e., LIBRARY DATA < 3
(columns 2 through 16).

N, (defined in Section 2.4.1, A)

Ng1s, Ngos «+es Ngyeo (defined in 2.4.1, A)

CTys CTos «v.) CTN, coordinate type

If CT - 1, the source points are to be input in
carteslan coordinates.

If CT - 2, the source points are to be input in
cylindric coordinates.

CSl, 032, coes Cch’ coordinate system i1dentification

number. Each of these numbers must be zero (base

coordinate system) or must correspond to the COORN

in the problem deck which defines the coordinate

system in which the source points for the particular

group was defined.

Source Data (#*22). There must be N, of these fields, one

for each source group.

1.
2.

Sl, 82, S3, cees 813, (defined in 3.4.1, B)

X, Yor ®, Z or R, I, the x coordinate, and either
the Y and Z coordinates (if CT = 1 for this source
group), or the © and R coordinates (if CT = 2 for
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this source group), and the source intensity. One
set of four numbers must be input for each source
point in the source group. All source points in the
source group must be in either Cartesian or cylindric
coordinates, but not both.

The note above for the simple geometry program also
applies here, giving the relationship between the

Sés and I's.

3.5 Deletion and Listout Libraries for the Simple-Geometry Program

The two libraries described below are used with C-17 only.
3.5.1 Library 4; Library Deletion List (Fig. 3-5)

The use of this library is optional, and it is used
only to list those decks which are to be deleted from the libraries.
The numbers listed in this library are those which appear in
Columns 63 through 69 of the decks to be deleted. (The numbers
must have plus signs associated with them). The alphabetic
DELETE must appear in Columns 2 through 7 of the first card of
this library. PFifty or less decks may be deleted by using one
Library 4.

3.5.2 Library 5: Deck Listout (Fig, 3-6)

The use of this library is optional, and it 1s used
only to list those decks which are to be printed out from the
library tapes. The numbers listed in this library are those
which appear in Columns 63 through 69 of the decks to be printed

out (the numbers must have plus signs assoclated with them).
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The alphabetic LPRINT must appear 1in Columns 2-7 of the first card

of thils library. Fifty or less decks may be listed using one

Library 5.

3.6 Card Identification Field for Library Decks

1.

5.
6.

Columns 63 through 66 are left blank. (These are to
contain the Jjob number specified by the Computing
Laboratory).

Column 67 contains the last digit in the year, 1i.e.,
O for 1960, 1 for 1961, etc.

Columns 68 and 69 contain the deck number; starts

with Ol for any given set of library input.

Columns 70 -hrough T2 contain card numbers; starts
with 001 in any given deck.

Column 73 contains an L.

Columns 78 through 80 contain C17 or L63.

3.7 Problem Deck

This deck contains the program options and that data peculiar

to the problem at hand, namely, the parameters required to define

the problem geometry, the detector coordinates, the material

numbers of the neutron reference materials to be used, and, for

L-63, the coordinate systems used to define the geometry, source

and detector points,

The geometry for these programs 1s defined by using a con-

sistent set of x-planes to represent each region in the problem

after the method set forth in Section 2.1{ In this context, for
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the simple geometry program, an x-plane is taken to be an x-value
and, for the Cartesian-geometry option, two Y and two Z values
(these five numbers are sufficlent to determine a particular
rectangle with respect to the assumed coordinate system), or, for
the cylindric geometry option, two R values (these 3 numbers are
sufficlent to determine a particular circular annulus with respect
to the assumed coordinate system). Thus, two adjacent x-planes,
assuming linear interpolatior. or circular interpoletion for the
spherical option in L-63, between analogous Y and Z values or

R values. form a volume element, and each region is built up of
these volume elements. Similar definitions hold for the complex-
geometry program.

3.7.1 Problem Deck for the Simple-Geometry Program (Fig. 3-7)

The problem deck for the simple-éeometry program (C-17)
contains the following data filelds:
Note: 1In this deck the *6 and *8 data files require
7 conversion; all other files use either 6 or
8 conversion.
A. Control parameters (%*6)
This file contalns the following:
1. Deck identification, i.e., the alphabetics PROBLEM
‘TDATA must appear in Columns 2 through 13.
2. ID2 and ID3, the identification of the decks of
Libraries 2 and 3 to be used in this problem. These
are the numbers contained in Columns 63 through 69 of

these libraries.
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NR’ the number of geometric regions defined for the
problem, Thils includes the dummy region which must
always be defined and must be the last region.

NRM’ the number of neutron calculations to be made
or, equivalently, the number of neutron reference
materials listed (by material number M) in the

problem deck. N = 0 1f no neutron calculation 1s

RM

to be made, and, in general, 0 <€ NRM < 10.

U, gamma calculation option.

U -1 - differential energy spectra for an
infinite media used

<
t

2 - edge-corrected differential energy spectra
used

U - 3 - both calculations (1 and 2) made.

Volume Parameters (#7)

This field contains all of the parameters required to

define one volume of the geometry. Each of these flelds,

excepting the last one (which defines the dummy region),

must contain the following:

1.

Region identification. The alphabetics REGN must
appear in Columns 2 through 5 of the first card in
a *7 field, and Columns 6 and 7 of this card must
contain a two-digit region identification number
(the NR regions must be numbered in sequential

order as they appear in the deck, 1.e., 01, 02,

"0 ey NR)'
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M, material number. The number of the Library 1
deck which corresponds to the material for which the
region is defined.

/O, the density of the material M in the region
(gm/cm3).

Nx’ the number of x-planes used to define the region.
K, g2ometry-type parameter.

K

1l - region is cylindric
K

2 - region i1s Cartesian

K, boundary uncertainty parameter (ecm). The
stepping-point method precludes an exact determination
of the points at which the "source-detector line"
intersects the region bounds. Hence, it is necessary
to input a number to define the greatest allowable
error in the boundary determination. 8Since the
stepping-point method is an iterative technique, an
excessively small value of Kmin will require a large
number of iterations and, hence, will increase the
machine time required to run the problem. On the
other hand, too large a value for Kmin will result

in excessive error in the boundary determination

and, hence, the final results will be in error due

to these uncertainties in the determination of the

boundaries.
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One method of determining Km n is to requlre that it

i
be smaller than some fraction, say 0.0l1, of the

smallest relaxation length (either neutron or photon)
of the particles in the materials of the system being
considered. For example, consider a system composed
of the GTR. and a shield of water, aluminum, iron and

Portland concrete. From Reference 8, the removal

cross sections for the above are: 0.0949 cm'l,

1 1

0.101 cm~}, 0.0788 cm'l, 0.1688 cm™". and 0,0801 cm -,

respectively. From Reference 1l4, the largest values

of the photon attenuation coefficients (in each case

for a photon energy of 0.25 Mev) are: 0.225 cm'l,

1 1 1 1

0.126 em =, 0.302 ecm™~, 0.918 em™~, and 0.270 cm °,
respectively. The largest of these numbers (the
attenuation coefficient for E - 0.25 Mev in iron)

1

is 0.919 cm™ ~ which corresponds to a relaxation

length of 1.089 cm. Hence, if K .01 x 1.089 -

in -
0.01089 cm, then the boundaries will be determined

so that the error involved in determining the source-
detector path length in any region will be less than
0.01 of a relaxation length for either photons or
neutrons in this regilon.

The following data (in cm) must be entered for each

of the Nx x-planes used to define the region:
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a. xp, the x-plane x-coordinate

Note: the x-planes for a given region must be
listed in order of increasing xp.

Y s and Zmax’ the x-plane

b. Either Y, , Y . s Zpin

in’
bounds for a cartesian region (if K = 2), or
Rin and RO, the x-plane bounds for a cylindric
region (if K = 1).

The last region (or dummy region) contains only Items 1, 2,

and 3 above.

C. Neutron reference material numbers (*8)

This field contains N_,, material numbers, each of which

RM
corresponds to a material deck containing a #*15 data
field. (This field must contain the alphabetic REFMAT
in Columns 2 through 7 of the first card of the field).

D. Detector and program option parameters (*9)

This data file contains the following:

1. PField identification. The alphabetic DETECT must
appear in Columns 2 through 7 of the first card of
this fileld.

2. N, the number of detector points for the problem.

D

3. The following data are input for each of the ND
detector points:

&. X435 ¥Vgs and Zgs detector point coordinates

b. X, the detector option

X - 1 - Spectrum and dose will be calculated.

X - 2 -~ Spectrum, heat, and dose will be
calculated.

X - 3 ~ Spectrum and heat will be calculated.
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c. Y, the radiation-type option
Y - 1 - Geometry print. The source-detector
distance and penetration distance
through all non-vold materials will
be printed for each source-detector
pair.

2 - Gamma-ray data only wlll be computed.

Y = 3 - Gamma-ray and neutron data will be
computed.

Y - 4 - Neutron data only will be computed.
d. Q, the source point option

Q -1 - Data for each source point as well
as data summed over each source group
and over all source groups will be
printed.

Q - 2 - Data summed over each source group
and over all source groups #ill be
printed.

3.7.2 Problem Deck for the Complex-Gzometry Program (Fig. 3-8)

The problem deck for the complex geometry program (L-63)

contains the following data file:
A. Control parameters (#6)
This field contains the following:
1. Deck identification (as defined in 3.7.1-A)

2. 1ID

p and ID3 (as defined in 3.7.1-A)
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3. NMR’ the number of master regions defined for the
problem. This includes the "dummy volume" which must
be listed as a master region and also must be the last
master region.

. Ngym (as defined in 3.7.1-A)

5. U (as defined in 3.7.1-A)

6. CSpaxs the number of coordinate systems used to
define the problem geometry (the base system 1s not
counted).

Note: This data file requires 7 conversion.
B. Volume parameters (#7)

This field contains all of the parameters required to de-

fine one volume of the geometry. Each of these fields

excepting the last one (the dummy volume which must be
listed as a master region) must contain the following:

l. The alphabetic 1dentification

MASTER for master regions,
REGION for regions, or
SUBREG for subregions
in Columns 2 through 7 of the first card of the file.

2. NR’ the volume number, which must be preceded by
a plus sign. Volumes must be numbered consecutively
by type; that is, the first master region is
numbered +1, the second *+2, etc. Further, 1f some

master region contains regions, the data files for
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these regions must follow the data flle of the
mas?er region in which they are contalned, and
these regions are numbered starting with -1,

If some region contalns subreglons, the same pro-
cedure is followed, that 1is, the data files for
the subregions fol.iow the data file for the region
and they are numbered consecutively, starting with
+1.

M (as defined in 3.7.1-B)

N, (as defined in 3.7.1-B)

CT, the coordinate type used to define the volume.
This parameter 1s as defined 1n Section 2.3.2, or

10 b below. A recapltulation of the values for CT 1is:

CT =0 Simple Cartesian cross section,

CT =1 Complex Cartesian cross section,

CT = 2 Simple cylindric cross section,

CT = 3 Complex cylindric cross section,

CT = 4 Rectilinear cylindric cross section,
CT = 5 Combination I cylindric cross section,

CT = 6 Combination II cylindric cross section.

CS, the number of the coordinate system used to define
the volume. CS must correspond to one of the COORN
of problem data file *10.

NREG or NSUB, the number of volumes contained in the

volume being considered., If the volume 1s a master
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region, then NREG is the number of regions contained

in the master region; the subregions, if any, con-

tained in one of these regions are not counted. If
the volume 1is a region, then NSUB is the number of
subregions contained 1n the volume. 1In any case,

O<NREG =10, and 0 =NSUB <10, If the volume is

a subregion, this item is omitted.

Note: The above items require 7 conversion and,
hence, must not appear on the same card as
any of the following items (which may have
either 6 or 8 conversion).

/°, the density of the material M for the volume

(gn/cm3).

K in (as defined in 3.7.1-B)

The following data must be entered (in cm) for each

of the Nx x-planes used to define the volumes:

a. xp, the x-plane x-coordinate

Note: the x-planes for a given volume must be listed

in order of increasing xp.

b. Set of numbers required to define an x-plane
cross section. These numbers, for each case,
are listed below 1n the order in which they are
to appear 1n the program. Along with each set
of numbers there is also shown a sketch of a
typical cross Section which they are to repre-
sent, the required value of CT, and the

restrictions on these numbers.
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Note: For all of the figures below, the positive
¥-directlion 1is assumed to be out of the paper.

Simple cartesian (CT = 0) z
Input values for each x-plane: Ymin Ymax
! |
Ymin’ Ymax® %min’ Zmax° © Zpax

Restrictions:

The defined area is a rectangle
whose sides are parallel to - 2
elther the y or z axis;

Y

min <Y

Complex Cartesian (CT

max * 2N Zpan < Zpay Y

-

Input values for each x-plane:

Yl"zl » Y2"ZE ’ Y3:Z3 ’
Yu, Zu .

Restrictions:

(On the points Py, = (xp, Y,, Zi)

for 1 -1, 2, 3, 4, and the sides l

PP, which is the side with end ¥1,25)

points P, and PJ)

Orientation:

Connectivity:

¥y, 2,) (¥3,25)

Y2,2,)
Y

Nelther P1P2 nor F;?u is parallel to
the z axis

Neither P1P4 nor P2P3 1s parallel to

the y axis

(212)pmsn < (Z3le Jmin

(¥1¥y)man < (Y2¥3)min

P, is adjacent to Py and P4 in the
sense shown in the figure above.
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Convexity: All internal angles must be less

than 180°,

Note: PFor all of the cylindric regions defined below,
the following restrictions apply:

l. The cylinder must be coaxial with the
X axis of the coordinate system in which
it 1s defined.

2. All angles are to be measured in degrees
and

O’=® =@ < 360°

Simple cylinder (CT - 2)

Input values for each x-plane:

Rips Ry

Restriction:

Rin € Ro. /

Complex cylinder (cT - 3) //,QQE

Input values for each x-plane:
Rins Ry @1, ®,.

Restriction: R

Rip S R,
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Rectilinear cylinder (CT - 4)

Input values for each x-plane:
Rinl’ Ring’ ®;,

®2, Ro1s Roz.

Restrictions:

Rinl 5. ROi 1 = 1,2

Combination I (CT = 5)

Input values for each x-plane:

Ro1s Rozr @3, @p,
Rin'
Restrictions:

Rin$ Roi

R:I.ns R02

Combination II (CT = 6)

Input values for each x-plane:
Rinl’ R1n2, 01: ng
RO'
Restrictions:

z

R1n2

R
/ i

If CT 1is
interpolation

pyramids will

preceded by a plus sign, the program will use linear

between x-planes, and cylinders and rectangular

be generated.

-t
e
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If CT is preceded by a minus sign, the program will generate
portions of spheres with the cross sections above,

B'. Volume parameters for the dummy volume (*7)

The last volume defined for a problem must be the
dummy volume, the data field for this volume must
contaln
1. Alphabetic identification, MASTER, in Columns 2
through 7
2. The volume number which must be Nyp (see A,3 above)
3. M, (defined in 3.7.1-B)
/°, (defined in B,8 above)

The parameters above are all that is required to define the
dummy volume, but it should be noted that, while 7 conversion is
required for the first card of other volume data file, 6 or 8 con-
version is required for the dummy volume.

C. Neutron reference material numbers (*8)

This data file 1s the same as the one for the simple-
geometry program (3.7.1-C).

D. Detector and program option parameters (#*9)

This data file contains the following:
1. Alphabetic identification, DETECT, in Columns 2
through 7 of the first card.

2, d*m,the number of detector groups

»*

30 Dl) D2’ ees ey Dm

s the number of detector points in

each detector group.
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4, CTys CTps evs CTy the type of coordinate used to
m

define the detectors of the various groups, i.e.,

CT 1, Cartesian coordinates

CT 2, cylindric coordinates

5. €85, CSQ, veos Csdm, the coordinate system used to
define the detectors of the various groups; each
CS 0 must correspond to some COORN of data file
*#10 below.

Note: The above listed parameters compose the first *9
data flle in a problem and this fille requires 7
conversion. In addition to this file,
additional data files are required per problem;
these files require 6 or 8 conversion and con-
tain the followlng for each detector:

1. Detector coordinates (in cm):

X, Y, 2 if CT = 1, or
x,0, R ir CT = 2.
2. Program option parameters X , Y , and Q
(as defined in 3.7.1-D)

Coordinate system parameters (*10)

This data file requires 6 or 8 conversion, and contains

the following parameters:

1. Alphabetic identification, SYSTEM, in Columns 2

through 7 of the first card of the file)

2. The following data must be input for each of the

coordinate systems (except the base system, 1.e.,

CS = 0) used to define source points, detectors,

or volumes.

[P
[o=]
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a. COORN, coordinate system number

b. Xo, Yo, Zo’ coordinates of the origin of

the system (in cm) in terms of the base
system.

c. xx, Yx’ Zx’ coordinates of a point on the

<+ x axis of the system 10 cm from the origin
in terms of the base system,

4. xy, Yy, Zy, coordinates of a point on the

+y axis of the system 10 cm from the origin

in terms of the base system,

3.8 Card Identification Field for Problem Decks

. Columns 63 through 66 are left blank. (These are to
contaln the Computing Lab Jjob number as specified by
the Computing Lab.)

z. Columns 67 and 68 contain the problem deck number,
beginning with Ol for any given set of problems.

2, Columns 69 through 72 contain the card number, starting
with 0001 for any given problem deck.

4. Column 73 contains che last digit of the year, 1.e.,

O for 1960, 1 for 1961, etc.
Z. Columns 78 through 80 contain Cl7 or L63.
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APPENDIX A

NOMENCLATURE AND SYMBOLISM FOR GEOMETRY
ROUTINE FLOW DIAGRAMS

A-1 Vector Notation and Logic Symbolism

Vector Notation

1. All vectors are (3xl) column vectors except Rx’ A s

y
and Kz which are (1x3) row vectors.

2. All primed vectors are in terms of the base coordinate
system; unprimed vectors are related in the coordinate
system of the volume belng tested.

3. For two vectors: A = Xg and B = Xp|

Ya Yp

Zg Zp
A-R - 2 2
A-Bl - Jz;a-xb)a (ya-¥p)~ (24-2p)
AxB = [¥aZ, - V%,

zaxb - bea

Xa¥b ~ *p¥a

logic Symbolism

l. —> 1s read as "is replaced by",-i.e>, a=» b is read
as "a 1s replaced by b."
2. Branching relationship is defined as in the figure

below:
If a<b, the program goes to block A

<
@‘— a~b a = b, the program goes to block B

a»b, the program goes to block C
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A-2 Test Function and Nomenclature for the Simple-~Geometry
Routine

Test Function

The element test function 1P'used in this routine 1s a
linear interpolation on one variable. This function, for the
argument R,, has the form

Xp = Xn-
@’(Ro)'ko)/v-/ * £Ro,/v _Rojﬂ-i -} x”-x:,_', (A-1)

where x_ and R and x and R are the x-value and outer

n o,n, n-1 o,n-1
radius assoclated with the nth x-plane, and the n-lat x-plane,
respectively.

The function'ﬂ? for arguments Rin’ Ymin’ Ymax’ Zmin’ Zmax
is similar to Equation A-1 with the exception that the new argu-
ment is substituted for Ro.

Nomenclature

B 1s gamma differential energy spectra control number

C 18 index: C

0, volume search: determination of volume
in which P lies

C =1, element search: determination of element
in which P lies
C = 2, boundary search: determination of boundary

intercept B' for the volume
D 18 source-~detector distance

d 1s subscript - refers to detector or detector-side
boundary of a volume

dis index of detector point in set

f 18 index: f = 0, stepping point is on an x-plane

by 1, stepping point 1s not on an x-plane
£ 2, stepping point is in base material
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1 is

=i

is

K 1s
T is

,Z ,,Zz,% are

M is
Mis
m is
N 1is
NRM is

n 1is

P 1is
'F is

index of non-void segments such that My # M, _;
numbered so that the closest non-void segme&t ’
to the source point has 1 = 1.
geometry type number: 3 = 0, cylindric

X - 1, Cartesian
stepping-point increment
direction cosine vector for P

components of‘!, and P direction cosines for the
X, ¥, and z directions, respectively.

material number (M = 0 is void)

reference material number (listed in *8 data file)
subscript for maximum

volume number (input data)

number of reference materials (see Sec. 3.1.7-Al)

index of x-planes of a volume (n - 1 denotes x-plane
with smallest x value)

stepping point
coordinates of stepping point

Rin’no are x-plane bounds

r is

S is

8 1is

A 13
s* is
Ti is
t’ 1s

coordinate, cylindric geometry (r2 = y24-22)
source-point coordinates

subscript - refers to source polnt or source-side
boundary of a volume

index of source point in set
index of source set in group

th

accumulated source-to-i"'-boundary-intercept distance

void thickness between stepping point and last com-
pleted segment
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A-~3

U is gamma calculation option (Sec. 3.1.7-A5)
V 1s reference material counter
W 18 segment length

Y,Z are x-plane bounds (Fig. 2-1)

X,¥»2 are Carteslan coordinates and vector elements

/o is material density
'ﬂf is element test function

Test Functions and Nomenclature for the Complex—Geometry
Routine

Test Functlons

l. For cylindric and rectilinear volumes: The element test
functions used in this routine are linear interpolation
formulae. épr represents an interpolation on one variable,
and E: represents an interpolation on two variables.

These formulae are shown below for representative argu-

ments.
T Ve * {p = Ve § e
=2 Y Z)= Vet [N, uc}'

207,
2. Por spherical volumes: The element test functions used

in this routine represent a second order interpolation.
The functions for a typical argument (representing Ro)
are:
2 2 - RZ ] k3
Ro hd Q?am +XQ)(XQ'XF) ( 8 +Xﬁ)ﬂ¢c‘xp>-xp
Xp= X
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Nomenclature

A is

coordinate transformation matrix (see Fig. 2-4 for
elements of A)

coordinates of the boundary intercept being found

coordinates of the source-side boundary intercept of
the volume being considered

coordinates of the detector-side boundary intercept
of the volume containing the volume being considered

index: C = O, volume search (determination of volume
in which P lies)

1, element search (determination of element
in which P lies)

C = 2, boundary search (uetermination of boundary
intercept of the volume)

CS is coordinate system identification number (CS - O

D is
D is
d(as

d is
d* is
E is
f 1s

denotes the base coordinate system) input data
CT = O, Simple Cartesian

l, Complex Cartesian

2, Simple cvlinder

3, Complex cylinder

4, Complex-rectilinear cylinder

5, Combina.ion I cylinder

6, Combination Il cylinder
source-detector distance
coordinates of detector point (input data)

subscript) refers to detector or detector-side
boundary of a volume

index of detector point in set
index of detector set in group
element

index: f = -1, P was in the base material but found a
point in a defined volume

125



f = O, P not known to be in the base material

f = 1, P is in the base material,,zl £ 0, Z(P*)
belng found

f =z 2, P1is in the base material, £, - 0, @(P¥)
being found

f = 3, P1is in the base material, ll - 0, g(P**)
being found

f - 4, P 1is in the base material, Zl Z0, #(B)
being found

is in the base material.‘l = 0, either

P
ﬂ’ P#*##* or ¢'l' %PQ 1
(X means”does not correspond tc')

f = 6, P1g in the bage material, £ £ 0, either
@XP or g% X p+

g is index: g 0, P 18 not known to be on an x-plane

g 1, P i3 on an x-plane

1 1s index of non-void segments such that My ¢ M,_, numbered
so that the closest non-void segment o} th& sdurce
point has 1 - 1.

J 18 index: J = O, no volume imbedded in the base material
impinges upon the source-detector line

J = 1, some volume imbedded in the base material
impinges upon the source-detector line

K 1s stepping point increment
'E is direction cosine vector for P

li,ﬂa.ﬂ3 are components of L, and P direction cosines for the x, y,
and z directions, respectively

M is material number (M = O is void)
m is subscript for maximum

N is volume number (input data)
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n is index of x-planes of a volume (n = 1 denotes x-plane
with smallest x value)

0 1s coordinates of the origin of a coordinate system 1in
terms of the base coordinate system (input data)

P is stepping point

P 1s coordinates of stepping point

Pepae 1g points used in determining whether the source-detector
line passes through a subvolume

q 18 volume type: q

= 0, master region

q 1, region

q 2, subregion

R, 18 element test function (spherical option)
Rin’Ro are x-plane bounds (Fig. 2--1)
r is coordinate, cylindric geometry (rl = yg4-z2)
8 1s source-point coordinates

8 (as subscript) refers to source point or source-side
boundary of a volume

8 is index of scurce point in set
s* 18 index of source set in group
T is accumulated source-to-boundary intercept distance
t 1s material thickness (along source-detector line)
u is test parameter: u - Vp cT <2
u = rp, CT?>1

ujsuy are element test parameters

U *,U2’ are envelope test parameters

v is test parameter: v = zp, CT £2

-1
- ta cTr > 1
v - n zp/yp’
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Vi,V, are element test parameters
Vl*,Va* are envelope test parameters
W 18 segment length
x* is element test function (spherical option)
Y,Z2 are x-plane bounds (Fig. 2-1)
X,y,Z are Cartesian coordinates, and vector elements
oc/ﬂ;)/’N are x-plane numbers
Y" 1s x-plane test function

A is containing-volume test function; Aq is the portion of
source-detector line bounded by the source point and
the detector;side boundary intercept of the contain-
ing volume (4 D)

€& 18 index: € 0, element test function being computed

for )(ac

¢ =1, element test function being computed
for xp

@ is coordinate, cylindric geometrys © = t:an"l z/y
4 18 index: J= O, |'1'3-§|¢Aq

J=- 1, I.B-él?, dq
= is element test function
® 18 x-plane bounds (Fig. 2-1)
/0 1s material density

# 1s index:
Cylindric Geometry Cartesian (Geometry
Working on Y or r:
#, = 0, min(Ry,,) € r_ < max(R,) min(Y) £ yp_‘ max(Y)
g =1, r, < min(Ry ) y, € min(Y)
¢;_: 2, r, > max(Ro) y, > max(Y)
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Working on Z or ©:

0, min( ®,)= OPSmax@a) min(Z)
1, 9p € min(Ry,)
2, op > max(Ro)

129

2, < max (Z)
zp < min(Z)

2, > max(Z)



APPENDIX B
NEUTRON FLUX-TO-HEAT CONVERSION FACTORS

The neutron flux-to-heat conversion factors used for these
programs must be the heat generated per incident neutron in a
material of unit density, and, hence, these factors will have units
of Joules-cma/gm.

The heat source due to neutron reactions with nucleil of the
target material may be grouped according to the manner in which
heat i1s assumed to be generated by the various reactions. For these
programs it is necessary to consider two modes of heat generation,
namely, heat generated by secondary (or induced) gamma radiation
and heat generated by all other reactions or portions of reactions.
(As an example of this grouping, consider the inelastic scattering
of neutrons. It 1s assumed that the recoll energy of the scattering
nucleus 1s dissipated as heat by the second mode and the de-excitation
photons generate heat by the first mode.)

The heating rates due to secondary-gamma radiation cannot be
computed directly. Using these programs, rather, it is necessary
first to determine the neutron flux at a representative number of
points in the system and, considering all possible sources of
secondary photons, convert these neutrons into secondary-gamma-ray
sources using the methods of Reference 1. One may then use these
sources together with one of these programs to compute the heat

generation rate due to this phenomenon.
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The heat generatlon rate 1n a glven material due to the second
mode may be caused by any one or all of the following reactions:

* elastic scattering,

+ charged-particle reactions (usually (n,p) or (n,d),

+ particle emission from the decay of activated residual nuclel
(usuallyﬂ *or/') ’

+ inelastic scattering, and

* (n,2n) reaction.
The flux-to-heat conversion factor per incident neutron, as

required for the programs, is given by
J=EL
-EZ)

2 1s the group-averaged neutron cross section for the reaction

where

(in cmz/gm), and

(o] |

1s the average energy dlssipated as heat per reactlon
(in Joules).

For the charged-particle reactions (from Ref. 9),

E-E+Q-§
where E, 1s the inltial neutron energy,

Q 1s the Q value of the reaction, and

E: is the energy given off as secondary photons.

The heat generation rates due to elastic and inelastic
scattering and the (n,2n) reaction are derived in the following

sections.



B-1 Elastic Scattering

The average energy loss per elastic scatter, fﬁ as derived
in Reference 9, 18 for isotropic scattering in the center-of-mass
coordinate system. This assumption of isotropic elastic scattering
is not valid for high neutron energies or for materials of medium-
to high mass numbers. Hence, a more exact determination of the
average energy loss E is required in order to predict heating
rates due to fast neutrons.

The derivation of E is given in Section 1.2.1 of Reference g;
from this derivat%P ) E is given by

E. £ z'EP(E)a(E
.[ar'P(E)a(E

(B-1)

where E1 is the initial neutron energy,
; - 2A/(A+1)2 (where A - atomic weight), and
p(E) 1s the energy-loss distribution of the degraded neutrons.
The energy of the nucleus after collision is related to the

s.attering angle, 0, by

E-Ef (1-cs6) (8-2)

Hence, the angular distribution of the scattered neutrons may be
used in the moments equation to replace p(E); or, since E 18 the
quotient of two moments, p(E) may be related to the angular distri-
bution of the neutron scattering cross section. Certain of these
distributions for various neutron energies and target materials

are given in Reference 15.
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The equation for E (Eq. B-1) may be rewritten in terms of
the scattering angle © and the elastic scattering cross section
v (E;,O) as- ~

E: L Cr-ern @) ¢ (E, ©) oL ccr®) ]}’E/
LT CE 0 ol Cere 0

T o L 2v(E,E)d 2
el [rCE 2 L2 ] P&

-t
where Z - cos &.

The cross sections of Reference 8 were plotted against
Z and Equation B-3 was used to evaluate E from this data. For
the elements of lithium, zirconium, tantalum and bismuth; the
integral was evaluated numerically using Legendre-Gaussian
quadrature. The results are shown in Figure B-1l.

Reference 16 is a compendium of cross sections for iron,
silicon, aluminum, and oxygen. Among other things, this report
lists coefficients for Legendre expansions of the scattering

cross sections; these expansions are of the form.

0 cE,00 = Tg T (21D S, (E) P Cen®)

with SL defined by -

17‘ /
ﬁ=32—(—:z,) L 7CE,0P (e dCcres).

By definition, f;(f')xl so that

0CEI=2T [ T (£,0) ol (cenB),

and

N L O6,8)cr O (&
5 & L T (CE,08) oL (e 8)
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E ¢ (dimensionless)

E

100 NPC 14,531

7
v
~N
I
F

\
Z=283
10+
0 2 4 6 8 10 12 4

E{(Mev)

FIGURE B-1. AVERAGE NEUTRON ENERGY LOSS FOR
VARIOUS Z NUMBERS
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This is the integral term of Equation B-3 where

./LEE = I-F (ED.
Vaiués of:JL for iron, aluminum, and oxygen, computed from
data in Reference 16, are shown in Figures B-2 through B-4.
The computed values for 4 show that the actual heating
rates due to elastlc scattering may be down by a factor of 10
from those computed assuming isotroplc scattering, and, further,
the effect 1s most noticeable at high energy and Z number, as

expected from the cross sections.

B-2 Inelastic Scattering and the (n,2n) Reaction

The kinetic energy transfer to the residual nucleus during
an (n,n') or (n,2n) reaction is derived from energy and momentum
conservation. The final expressions are in terms of the initial
neutron energy and either the excitation energy of the residual
nucleus or the degraded neutron energies. The expressions in
terms of initial neutron energy and excitation energy should be
used in all possible cases, i.e., whenever the energles of the
resulting photons are known. If the excitation energy is not
known, it must be approximated, and this 1s done by approximating
the energies of degraded neutrons (Sec. B-2.3) and finding the
recoil energy from an application of the conservation of energy.

Section B-2.4 shows that for the energy range of interest,
the excitation energy (and also mass) 18 essentially the same in

both the laboratory and center-of-mass coordinate systems.

136



E
E¢

{(dimensionless)

1.0

0.8

o
o

o
>

0.2

NPC 14,532

2 4 6 8 ) 12 14

E(Mev)

FIGURE B-2. AVERAGE NEUTRON ENERGY LOSS IN IRON
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B-2.1 The (n,n') Reaction

Consider the neutron-nucleus system shown in the sketch.

L system: CM system;: va
Vo
neutron
neutron after
7~ after /
Vs /
/ /
/
v < neutron A
1 / .
O—; ______ ."\,__ - Ot_);f.ore , ‘*{ nucleus
nucleus A before
neutron bef vl-V / cm
before \ pefore cm
\ /
\ /
\ nucleus
nucleus after
after /
v Vhe

From conservation of energy and momentum in the CM system,

Yo - . Cur- ch)2+ Y Nl/,j,, s Vomy®+ V2 Ml/,,f +8/ and mug M,
(B-4)

where m is the mass of the neutron,
M is the mass of the nucleus,
€ 1s the excitation energy left with the nucleus, and
the 's are as shown in the sketch.
The momentum of the neutron before the reaction, as measured

in the L system, must be equal to the momentum of the CM system as

measured in the L system; hence,

v 2 (M+nr XV, -

”
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The velocities ¥, and 4], are related by the cosine law:

2
> U;,Km&oé.

)
Y, =ch“‘U:-‘*2' (B-6)

This relationship is shown in the sketch below, which 1s a
superposition of significant portions of the L and CM diagrams

sketched above.

Solving Equations B-4, B-5, and B-6 for v5 in terms of v3

givea
{-'[-E'm +fJ ot we.} > (B-7)

Energy is conserved in the L system and, therefore,

(B-8)

- B!
EO-E+EK+€.

for
'/amu}'
X '/;MV
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And from Equations B-7 and B-8,

- / A+l £ £
EK-E°;{I- I-T? MQ}"/,_*/ ‘ (B-9)

(o]

From Equation B-G,

C{é; o cac O
dE ;‘/I‘_“li
Also, for constant Ej and £, o
§ 2 b = Eo f (- 0035, amd

d;-Ekwrng= 2 fo;?)

« |y At £
?'j’ i

The average value of Ek 18 taken to be

L5 P R F cinod &
j‘*ﬁ Pe)ﬂ“_. i © ol £y

where p(6) 18 the angular scattering probability function or,

E =

equivalently (for this purpose), the angular dependent cross
section.
If isotropic scattering in the center-of-mass system is

assumed,

N -7
TR e

’

&+ hd ,

or

Rl

£
k> Eof - el ) (B-10a)
or, in terms of E, and E,
~ '4'/ £- I3
- eoam— -+, o
EK A(MD ] 2

/
(B-10b)
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B-2.2 The (n,2n) Reaction

The equations describing the emission of the first neutron
are similar to those describing the (n,n') reaction,.so that it
may be assumed that the kinetic energy of the nucleus before
emisslon of the second neutron, as measured in the L system

(see sketch) is given by Equation B-10.

L' system: CM' system:
v Vb
}:{ﬁ;utron
neutron A;
/ /
v g
.*i__--L'-_ nﬁzithi_'
nucleus AN
before \ before
nucleus /
after hucleus
i) after
VRe

From the conservation of energy and momentum in the CM system,

- oA l*’ a / -
D+E="L M Vo +'a iy +€) M’V‘c myy (B-11)
where M* is the mass of the residual nucleus and, to a good approxi-

mation, is given by M* - M-m (except for calculating D);
€’1s the excitation energy of the residual nucleus;

D is the mass defect and 18 given by D = (M-M*-m)ca, and

all other parameters are as defined above.
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By superimposing portions of the L' and CM' diagrams sketched
above, i1t may be seen d;#d; are related by

VR G2V e d -

(B-12)

Solving for £7= ’/z.mU'; in terms of £, &, and ? D+E-&

gives

E//[;‘-—v-_?’.,. zjg‘;z?/{é-‘ _A_%} cof. (B-13)

Conservation of energy in the L' system requires that
/
?ISE,’+ E "[K
for : ,
/. - *
Ee 2 oM V?

and, therefore,

EK, il _/;Z- -2 “% ?’ {{E ﬁf/} M¢ (B-14)

From Equation (B-14)
,d¢ - Lac,

g
;L_E: N Z\lﬁ-’ ?{f‘ ﬂ*/ }

144



Also, for constant &, E) and ?/)
$ bt =_'?.'-JA-_’ Sl £
/ K owons A 2 y-) Q {f‘o ,4*/} » and

- A-1 7
d; - t;é»:*'”£;;¢,,"'¢J-7r- E> ZT E;fjéi .

Analogous to EK . for 1isotropic scattering, the average value of

Ex'is J-“:.*J}
= £
Ek,:_%w',_-":'é_ s G+h &,
St €
or d
F,. b _ Drg+€’ (B-158)
‘Ek = ;?- - A p)

or, in terms of E' and E", the energies of the first and second

neutrons emitted, and Eo the initial neutron energy,
~ / v E° £,
o7 (6% S agwmy (3-150)

B-2.3 Averagg Value of the Degraded Neutron Energy

Where a large number of closely spaced energy levels are

involved, the methods of statistical mechanics may be used to
determine the value of the degraded neutron energy. Thus, this
theory will not represent the high end of the degraded neutron
spectrum very well since this corresponds to leaving the nucleus
in a low excited state where the levels are few and far apart.
Further, in lead, iron, and most light elements, the level spacing

is large so as to make this method a rough approximation at best,
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The

differential probability of emission of a neutron with

energy E' from a compound nucleus with energy E is

APCEED = kE e 8 £,

where © 1s the nuclear temperature. and

k 1s a normalization constant.

The

R—4

-

where, for

E*#

E#*

E*#

E#*

E*#

average value of E' 1s taken to be
ENW _ /
.,4;, £ P
=7

thg*(n,n') reaction,

is the initial neutron energy  and

is zero;

for the (n,2n) reaction, and for the emission of the
first neutron,

is the initial neutron energy. and

is the energy such that the second neutron is emitted
with zero energy and the nucleus is left in the ground
state (this is the binding energy of the remaining
neutron in the nucleus after the first neutron has been
emitted);

for the emission of the second neutron,

is the initlal neutron energy less that energy required
to emit the first neutron with zero energy and leave
the nucleus in the ground state (this 1s the initial
neutron energy less the binding energy of the last

neutron in the compound nucleus). and
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E* is zero,

Therefore,
= )%/ x-p
E,’ & (ec+i)P41 /'%"TB:
of + / /- —AtL eoc-,e J (B-16)
: A4/
for
OC=E*%‘ , and /ﬁ:/:/@ .
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APPENDIX C
NEUTRON REFERENCE MATERIAL COMPARISON

To assist in the selection of base materials to be used in
these IBM programs, a series of problems have been run using C-17
in a simple cylindrical geometry. The reactor core was composed
largely of carben, and various shielding materials were placed
adjacent to the end of the core. For a shielding material of
lithium hydride, detector points were located at various distances
from the face of the reactor in the lithium hydride. Eight
different base materials were used in computing the dose rate,
spectra, and heating rate.

Figure C-1 shows a comparison of heating rates as calculated
for the different reference materials. Figure C-2 shows a compari-
son of dose rates as calculated for the different reference materials.

In order to get some idea as to the reliability of the data
calculated by these IBM programs additional calculations have been
made of the neutron differential number spectra and compared to
those calculated by a multigroup multiregion diffusion code.

These comparisons are shown in Pigures C-3, C-4, C-5, C-6, and C-T.
It 1s apparent that for "O" distince from the core face the non-
hydrogenous reference materials differential number spectra
calculations do not agree with those calculated by the diffusion
code. This 18 due to the inability to fit the moments data

accurately for penetration distances of less than 10 cma/gm.
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FAST-NEUTRON DOSE RATE (mrem/hr-wat)
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NEUTRON FLUX (neutronsfcmZ-sec-Mev-watt)
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NEUTRON FLUX (neutrons/cm2-sec-Mev-watt)
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NEUTRON FLUX (neutrons/cm2-sec-watt-Mev)
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NEUTRON FLUX (neutronsfcm2-sec-Mev-watt)
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APPENDIX D
PROGRAM LIBRARY DATA

The Library-Types 1 and 2 currently being used with programs
C-17 and L-63 are presented in this appendix. The data are listed
directly from the data cards; however, captions have been added
to each Library-Type 1 material deck. The formats for the Library-
Type 1 decks and the Library-Type 2 deck are shown in Figures 3-1
(Sec. 3.2) and 3-2 (Sec. 3.3), respectively.



LIBRARY-TYPE 1
MATERTAL 1 WATEP
MANRFE 9

TrIarARY DATA 41 1
CEPREAY

R42100=14741
RePb4AN=14T741
Qu?78M=14741
841200 al 474
Reb093A-T14+741

+1 +1n

+7642321340700=1474]
+2721R=124768AMA14T 41
+1RAT1242A1A=14T Y
+136521342060=14741
$RUP AL 4459 TACT 4T 4]
Re7AAALT L7411 34087 144T70RACT 4+ T4
ALAAAANLT4LTLT W2ARKLVULYI2A AT ST
PLIAL? 241V =17 1216212 412012
n +4AT =12 A4MAD-12 $232Re1T 1740013 4167w13

A L+l &2 2 47 +1,8 4 +1 +487F 4,6AKK
ReRER2A40B4ANATAIRDI %=1 042020 al 4063470 T77=1=13T72001T742
BelbhQ134Nahe860RALNA-RL1LDA6569N=-14+4514KAT74~1=103300NT+2
Reh2BORAT71wh4b581RARRe2=1LT42Q43<1422046996=1=705999648+1
RaihRRAD?Refdi]15074,2%2e702 T FrAe"a?Fr241N0=1=K5N0NN6&T+1
AeRQ24AN402a T+l NN PafiebNNAACL20] 412385 T=1=400000364+1
Re?ORANBACALITOIAA T cbe ] BTR22]2a)er 7606720 4=1=26100092+1
Ba?CR24E%T1aheblNRDICI Al e1P T2 AR a0 0LANRT=1=19T7A0NNBD+]
ReANRAR I 22l REIQNNAPalia?ACARIR]=2aTAD2P2216=-1=143AAARA+]
Rul4TR4 AN AahAs]l 28711 R AR L20RAI =Pl D] RPRLG-1=1NANAAQT4+]
RaAlAACATar L7 ROV AR Z=a2=1FTATAROLTILOLRIA]AA=T=112AN]524]
P CAARQ] AuBa2 T R4 CaTal ALEALTIELIa? PARARAY 212l 23NN NAG]
Labn
RLIBIRLADAmRaRENAI2T7 0l s 16AANLARCICNAQRETRRw]=1433)416042
RaT76T775T730aQuThiTAP121=A4?720A070722011]1681494=N=04AT92V14+]
Rer 1 LRGP =Qa2 847 2RNeARe] 117 0/RTAA=T2ADRTTI22=1=T24A399R]
AC1BBTRO) A QL AINLTLNR=p=]1C0LD2TA]="=hBAL3]162=1=A1R05N]14+)
R41 2878484 a22eT2T168ATaT41rROI§TA=L=aQPARLAP 1 =]1=39A33] RA+]
QLI NIANAE TP el FPAI IR 4bll " ARAaTI= ] RAORRNA=N=14RT4) 5R+]
Qa200I R0 Aaful TN L) N ab4AC) M 4NARee] TA3AN26=N=6992300 2N+
RaE1TI27 187l AARELARRaRLENY 00 2AR=2=] 5352370 =N=100161561+1
R+GANANOIIaPa?IPREGLRALRLTE) P45)123=17010697=N=]1645TR58=0
QLR ABALRRaRaDARANNEDELALAAR] T7=3=]1"RARTIN=0+1414635( +)
Rl PTIRARANLTERELNR22) b Tl 162R4=le] ELTAR] S=N=bhLG?? QR=)

+2437=173
+?N1A=113
L1841
+112n=17
+A3NAN=14
+378A14
+12RAa14
+77R=13  4+5AK6=172
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NFIJTRON FNFRGY

#1060
#11

*#17

#11
*14

*16

48131n2001L
48131n20A0L
48131n2003L
481310720041
4B131n2nN50
48131020060
48131020070
48131A2ANRL
48131A20000
48131020100
48131A2011),
48131n2A12
48131020130
481310201410
48131020150
481310201601
4813102017L
4812102018L
48131020101
4R131n2n2AL
481310202101
48131020220
4R12]1A2A23L
4R8131A2AD41.
4313210202851
4813102n26L
48131020270
48131n2028L
48131020290
481311720300
48131020310
48132107030L
481310203130
481310720340
48121A2035L

c17
cl7
cl7
c17
c17
cl7
c17
c17
17
c17
c17
c17
c17?
c17
c17
c17
c17
c17
c17
c1?
c17
c1?
17
c1?
c17
c17?
cl)?
cl7
c1l7
c17
c1?
c17
c17?
c17
c17



LIBRARY-TYPE 1
MATERIAL 2 WATFR
MODE 2

T TROARY DATA 41 +2
Ada1n

RLP10N14741
Ra2anna14741
R TEmL1474]
R20n~14741
R4/ 02 = 1+7+1

+? +5

4264321342290 =14741
L2218 24D56A<14T+1
L180AT7=12423A 1 A1 4T +]
+1365-124396A=14T+]
+R47 144590 7A=T1+T7+1
A4LT0EN=14T4+1 +4982=144T7080=1+T+1
RL366Nn=14+7'1 42635=16412634n+74+1
RL1N4? 4411-12 +3156=12 4132=12
3 +461-13 441212 4236-113
6 ‘L‘.Q 4-“‘1 4'?.4‘; -L’.‘Q -".‘\1
PalNIURTEReCL]INTIRAAR 1222 TR1T147-DwbsAhP335A-1a7RTEANZT 4]
R=1R1INNP TNaT74970323262 Pl NNEIARR=2=0]12ARLNT=1=306PAN3D+]
Ruf20610h05af 48”1827 Tabw?N779374=0=RA2A R4 =1=130200044+]
RL2T434N48abaL]1NbR?276]1=F=] 76081 1A=D= " 2A72750=]1=1ARRANR] 4]
B=27694385a544536974,/=-2=1T2T72A0A=14107T73136=N=11560156+1
8=2335NQ6N=54368624N3A<2=]0NAOENR=T+21T7142T70=2=23540]23+]
A+AN
Ra1T7R949T4aG417226A6C)1 1=hb=D 71 76NR=LeBPTR?219A=1=T6697872341
R+107NELR1=C=]NORTANE=E+]1NTARTTA=4=0R94R9NN=1=38T7]12367+]
Re129263410aR=lfON6NA =B L4 77467 4R =3=-1FRRATT1=A=12N010RT+1
R4 P2TAN?QuRaD N TARLTE4TE637]) 3792217074512 =N=20325610=0
A42603TTR2=FRa? 877611 2=F4RLLA1DRA=3=]19BRAB?P=N+143723937+]
Rat RTRAENOTAERANRIAIcRuTh1 16344 =U=164TARY S=N=4649D7) QR=?

47243712
+72018«13
+15R6~172
+1120-13
+6300=14
+3750=14
+1250=-14

+778=113

+7249«113

+565=13
+157=113
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NFUTRON FNERGY

*10
*1

*1?

#113
¥4

*16

481210300711
4813103007
48131030031
48131030041
4813103AAGL
48131030061
48131030071
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