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User's Manual for the Gamma Transport Codes
BIGGI 3P and BIGGI 4T (+)

Chapter 1

(++)

General Remarks on the BIGGI Transport Program Series

The basic assumptions and equations of this method were
published previously, ref. (1), (2), (9). Here we shall
limit ourselves to the description of the application of
the last two important versions, i.e. the input prepara-
tion and the output interpretation. A short survey of the
possibilities of the programs is shown in the table. Some
additional remarks: The "P" in "BIGGI 3P"(abbreviated

B3P) means that in principle the pair production process A
can be included, the "T" in "BIGGI 4T" (abbreviated B4T),
that magnetic tapes are used. The interpolation of the
cross sections in wavelength is done on a 2nd degree -
parabola. The 4 built-in response functions are those
leading to the energy and particle fluxes, dose rate and
absorbed power density (in MeV resp.quanta/cmg/sec,

rem/hr and MeV/cm3/sec). The predecessor of B3P and B4T,
BIGGI 2, differs from BIGGI 3P-apart from minor deviatons -
in the following points: only one-slab-geometry and no
exponential transformation. The very first version, BIGGI 1,
was still more restricted, especially in the wavelength
integration and interpolation.

+
Manuscript received on May 30, 1967,

(++£IGGI = Boltzmannsche Integralgleichung fiir Gamma-Intensititen



E?mments in;

Table : The possibilities of B3P and B4T
Program BIGGI 3P BIGGI 4T
year 1965 1966
geometry plain plain or spher,
"source location x =0 arbitrary
source energies 1 9
layers > 9},coupled |
physical spatial steps 1(in mfp) 9
fpossibilities | . onential transform. applied applied
angular interpolation linear linear or expon. j
wavelength steps -5 6
angular mesh points 8 9
spatial mesh points 26 39
wavelength mesh p. T1 51
cross section interpolation yes yes
calculation summation over elem. / yes(BO elements)
intermediate |tapes used / 4
angular fluxes yes yes
variables Spectra yes yes
calculated buildup factars 4 4(if source moroen.)
::fnted albedos 2 /
response functions / 4 built-in <4 arb.
output short extensive




In the following, we shaill describe, rather independently,
the input and output of BIGGI 3P and BIGGI 4T. (We have
hesitated +to publish BIGGI 3P, since it is already somewhat
obgolete with its few application posgibilities and not
optimised in input and output. But some colleagues are
already working with it, and it has compared with its
follower BIGGI 4T the advantages of a) calculating the albe-
dos, too, and b) no need of tapes. Finally, it offers the
possibility to check some of the BIGGI 4T -results, so we
preferred to describe it here, too0).



Chapter 2

The BIGGI 3P Input+)

(Since BIGGI 3P contains no library, the input begins already
with the problem data).

1st data card : FORMAT (i6, 8F6.0)

1. data = IMA = number of angular mesh points, £8;
2.-9.data = cosines of the mesh points, OM(1), OM(2),...
OM(IMA), the smaller values first. The sequence -1.0;
-.925; -.84; -.28; .28; .84; .925; 1.0 gave reasonable
results . Sequences not symmetric to zero can be used;
they give logically correct results in most cases with
the exception of the energy current buildup factor B(g)
for the last spatial point, and the albedo calcula-
tions are done only roughly. If neither the albedos nor

B(g) are needed, the cosine mesh can be chosen asymmetric.

2nd data card : FORMAT (3F9.0)

1. data = OMO
2. " =  OMmi
3. " = WIM

At the last spatial point, the dose buildup factor is
calculated twice: once in the usual way, once with the
weight WOM between the angular (osine!) limits OMO and
Oms, and 1.0 outside. If |OMOi>1.01, this special eva-
luation is skipped, and neither OMy nor WOM need be
defined in this case. (This weighted summation is done
only for the scattered fluxes, the unscattered fluxes are

treated as usual.

+]fl‘he following 2 chapters are a revised and enlarged version
of a speech held at the OECD-ENEA meeting on shielding pro-
grams at Ispra, April 26th-29th 1966



Remark: The numbers on the first two data cards remain
unchanged in the whole program, they are de facto
constants and no variables in a program run. But all
the following data can be changed from problem to
problem.

3rd data card : FORMAT (6F6.0, 6i6)

1. data = W(1) = wavelength of the source energy in
Compton units C.U. (1 C.U. = h/(mgy.C) = 0.024261)

2¢y 3e4ee., 6. data = wavelength integration steps

Dw1, DW2,... DW5 in Compton units.

Tey 8Beyeoeoll. data = K1, K2,...K5 = indices of the
last wavelength mesh points, at which the steps DW1,
w2,..., DW5 are used.

12.data = XDP ¢ The angular fluxes in the output are
printed for the wavelength indices 1 (corresponding

to the source energy), 1 + KDP, 1 + 2KDP, 1 + 3KDP etc.
The values K1, K2,...K5 should obey the inequalities:
K1>2; K2>K1 + 15 K3>K2 + 13 K4>K3 + 15 X5 >K4 + 13
71 >K5,

If less then 5 steps are used, e.g. only four, it is
necessary that K4 = K5; in this case the condition
K5>K4+1 need not be fulfilled, and D¥™ can be any
value,

(If only two steps are used, it is analogously required
that K2 = K3 = K4 = K5, and DW3, DW4 and DW5 are of no

importance)
»
Since the right choice of the wavelength mesh presents some

difficulties to a beginner in gamma transport calculations,
we insert here a somewhat longer discussion. Let the source
energy be ES = 6 MeV, then we have

W (1) 0.511/6.0 = 0,08502 CU



since », (E) = 0.511 MeV/E, if the wavelength/ﬁ is measured

in Compton units; 0.511 MeV is just the rest energy of the
electron . The wavelength steps DW = DW1, DW2,..., DW5

should near a given wavelength W(K), where K is the wavelength

index, obey the two conditions:
w-Z W(K) and Dw-<&1.o+)
In our example (E = 6 eV, W(1) = 0.08502 CU) we choose

1w (1), e.s. DW1 = 0,02
7

DW1 %

(similarly DW1 = 0.03 could be tried). After 5 such steps,
i.e. at K =1+ 5 = 5, we have a new wavelength Wi6) =
0,15 2 ¥ W(1), and we can double the step, too: we put

K1 = 6 and calculate for K =7, 8, 9,... with IW2 = 0.04,
until K2 = 11, where the new wavelength is about C, 385.

‘7e double once mcre: DW3 = 0.08, until K3 = 16, where
¥(16)~ ©,785 (corresponding to about 0.65 MeV). Until

W(1) + 2 (there lies the limit of the once-scattered distri-
bution) we have still a distance of 2 - 0.7 = 1.3 CU; we

put D4 = 0.13 and K4 = X3 + 1C = 26,

{+}A simple evaluation of the Klein-Ndshina scatterihg kernel
shows that the scattering probability for}3<?1.0, if nor-
malised to unity for the wavelength increase A = O.,
behaves roughly as (1 + 244/7 )~", for the range 41 <</
and for 41 »7 |



Afterwards we have only the more than once scattered distri-
bution , which needs only a less precise mesh, e.g. DS =

= 2/8,5% 0,2353 (the best choice is really a value of the
form 2/ (n + 1) with integer n). In high -Z- media, e.g. lead,
X5 must not egceed much K4, let us say X5 = K4 + 4 or K4 + 3
(the more than once scattered fluxes below.~ 2 CU get rapidly
absorbed). But in low -Z- media, e.g. C, H2O or air, the greatest
(cutoff-) wavelength W(K5) should be about 10 CU, or W(K5)
w(1) + (X1 =1) DW1 + (K2 - K1) DW2 + (K3 - K2) DW3 + (K4 - K3)
D4 + (K5 - K4) DW5 ~ 107,

For the above example this would mean K5 - X4-v 34 or K5~60,
In medium -Z- media, e.g. TFe, W(K5)~ 5 should be sufficient.

A test for the right or wrong choice of the cutoff wavelength
W(K5) is the relative difference between the buildup factors
with and without the estimated "cutoff correction" (discussed
in the following chapter); if it exceeds 10-20%, the results
get correspondingly unsure.

An alternative mesh for the above case (rougher but faster)
would be DW1 = 0.025; DW2 = 0.05; DW3 0.1y DW4 = 0.2

DWS = 2 - 0.26667;K1 =5; K2 = 9; K3 = 125 ¥4 = 19; K5 ma-
terialz‘%ependent.

At K4 again the end of the once«~collided flux is reached;

K5 must be chosen as function of Z (the higher %, the lower
K5).

(+)

For high source energies, this requirement can be scmewhat
relaxed, since the low-energy part of the spectrum gets less
important, compared with the high-energy fluxes.
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For a lower source energy Es, the problem gets simpler:

Es = 1 MeV, W(1) = 0.511/1 = 0.511 CU
DW1 = 0.1 K1 =5 DW2 = 0.2 K2 = 13

At K2 we have the end of the once-collided flux:

]

2.511

Afterwards we proceed as above, e.g. in Fe DW3 2/8.5
and K3 = 24, where we put the cutoff (remember that in this
condition K3 = K4 = K5 is necessary, but DW4 and DWo> are

W(K2) =~ W(1) + (K1 - 1) DW1 + (K2 -~ K1)DW2

1

unimportant!)

Two final remarks: changes in the wavelength mesh do not
influence much the results: once for a 4-MeV-source in iron
all wavelength steps exept the first were doubled, but the
average change of the energy buildup factors was only 2.4%,
with a maximum of 4.6% (a similar confrontation will be ma-
de in the sample cases. )

If a configuration of more than one material is calculated,
that with the lowest Z (or Zeff) sets the limit for the
cutoff wavelength W(K5). (An exception can be made if the
low-Z-slab is optically thin.) But if for instance a lead-
water-configuration is calculated down to 50 KeV ( about
10 CU), it should be clear that in this region the gamma
fluxes in lead are far from reality: our program considers
neither Raleigh-scattering nor the fluorescence gammas
below the lead -K- edge at 88 KeV¥, and near the K-disconti-
nuity the interpolation in wavelength is no longer reliable.

4th data card : FORMAT (F6.0, 7i6)

1. data = A = parameter in the exponential transformation.
If great spatial steps (up to about 2.5 mfp) are wanted,
any value between 0.7 and 1.0 should be sufficient, with
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the exception of high -Z- materials, if the source
energy Es is above that with the minimum total cross
gection, EMLn 3 then the inequality

/u— %ﬂs‘\ 0
( = total cross section, index S = source energy)
should be valid for all energies below ES. This means

- /
AX M Ms
Let E_ be 10 MeV, then we have in Sn (EMin” 4.5 MeV)

A £ 0,92
in Pb and U (EMinN 4 MeV) AX0,85

If somebody does not want to think much about this,

A = 0.8 can be used as standard value for all materials
from C to U and all source energies up to 10 MeV,

(A = O means no exponential transformation at all, but
then the spatial integration step must be much smaller
than the above mentioned 2,5 mfp, )

2nd data = NG = number of cases with slabs of the same
materials, in the same sequence,the same source wavelength
W(1), and the same wavelength mesh, but with different
geometries, defined on the geometry card.

3rd data NS = number of slabs, at most 5.

I

4th data
material cross sections are given in input; in the sample

MM = number of wavelength points, at which the

cases = 24, at most 30.

5th data = MK = index of that wavelength, below which the
interpolation is done quadratically and above linearly.
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In our sample cases we should have MK = 16 for U, =

17 for Pb, = 18 for W, = 22 for SN, = 24 for lower
-Z- elements. This index was introduced in order to
get not too wrong interpolated cross section values
near the K-edge discontinuities; if two points Jjust
below and above the K- or L-edge are included in the
wavelength mesh on the 5. and 6. data cards, a gua-
dratic interpolation can even lead to negative '"cross
sections". But this effect is usually unimportant sin-
ce rarely in high -Z- media a calculation is carried
down to so low energies -with the posgssible exception
of a heterogeneous shield, as the above discussed case

of lead and water layers.

6th data = MP = similar index for the pair production
cross section interpolation, in the sample cases = 8
for all media. (For higher /| , i.e. lower E, this
cross section is identically zero since it has a well-
defined threshold near 1.022 MeV).

And as long as we neglect the pair production, i.e.,

we insert only zeros in the pair production library on
the 13th and 14th card, we can put MP equal to an arbi-
trary integer.

5th and 6th data cards : FORMAT (12F6.0)

(and all the 8 following data cards, from the 7th to the
14th, have the same FORMAT, too).

Wavelength mesh table in C.U., begins in our sample cases with
0.0511 (at 10 MeV) as 1st value and ends with 34.06 (at 15 KeV)
as 24 th value.
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7th and 8th data cards : table of total cross section

of the 1st slab in Thomson units per electron ( 1

Thomson unit = 1TU = 0.665 barn); its Kth value belongs

to the Kth value of the wavelength mesh table in the

5th and 6th cards, X = 1 to 24 in our sample cases.

9th and 10th data cards: energy absorption cross sections

of air (proportional to the conversion coefficients from
energy flux to dose rate) units and reference to wavelength
table as in 7th and 8th cards.

11th and 12th data cards:energy absorption cross sections
of the 1st slab, units and reference to wavelength table
as in 7th and 8th cards.

13th and 14th data cards:pair production cross sections
of 1st slab; units and reference to wavelength table as
in 7th and 8th cards.

Explanation: The program calculates from the wavelength and
cross section mesh tables in the data cards 5....14 by inter-
polation those cross sections which belong to that wavelength
mesh defined in the 3rd card, i.e. those of the given problem.
Some remarks:In our sample cases we put all pair production
cross sections equal to zero; so the program treats the pair
production as complete absgsorption. Most of our cross sections
are taken from (3), p.233-237.

If somebody wants to have other buildup factors than those
given here, it is sufficient to insert the wanted weight
function instead of the air or slab energy absorption cross
sections (in a one-material shield the 9th and 10th or 11th
and 12th data cards). But the nth value of this new weight
function table should correspond to the nth wavelength value
in the 5th and 6th data cards, n = 1, 2,¢ee.,
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The program then computes instead of the dose or energy
absorption buildup factors those of the newly defined
weight function.

Now the program expects N§—1 sets of 8 cards analogous to
the cards T7....14 which describe the following N8-1 slabs,
just as the cards 7....14 describe the 1st. (NS is defined
in the 4th card+)) After these NS sets the geometry card
must follow (as 15th, if NS = 1; as 23rd, if NS = 2; as
31st, if NS = 3 etc.). The geometry card is read in state-
ment 135, all the others between the statements 20 and 40.

Geometry card, format F6.0, 7I6

1st data = DZ = spatial integration step in mfp at the
source energy.

2nd data = IWV; IWV negative meens an isotropic plain
source at one boundary.

IW = O means a perpendicularly collimated plane source
at one boundary.

IWV = 1 or 2 or 3 etc. means a conic (oblique) plane
gsource at one boundary; the angular distribution is non-
zero for the 2nd or 3rd or 4th etc. cosine value on the
first card and zero for all the others.

3rd data =é}DP; the angular fluxes are printed out for
the spatial indices 1 (source plain), 1 +<'7DP, 1 + 2:JDP ete.

(+)That means for NS X1 a repeated input of the air energy
absorption c.s.; this somewhat clumsy prescription and
others reflect the subdeveloped stage of BIGGI 3P,
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4th data =3 G(1) = spatial index of the right boundary
plain of the first slab+); then the thickness of the 1st
slab is (J G(1)=-1) = DZ mfp. If NS = 1, the data end here.
If NS = 2, the program expects as

5th data::JG(2) = gpatial index of the right boundary
plain of the second slab. The thickness of the 2nd slab
ig (3 6(2)-3 G(1))= Dz mfp. If NS = 2, the data end here.
If NS > 3, the program expects as 6th... to (NS+3)th data
3@(3)... toalG(NS). The total thickness of all slabs
together is(;}G(NS) -1) = DZ mfp. The upper limit of
SG(NS) is 26; the difference between two adjacenté]G
should be at least 2, e.g. JG (4) 2(‘}(} (3)+ 2.

Now a problem ig defined completely, and the program begins
to compute. Finished the calculations, the results are prin-
ted out, as described below. Then the program expects NG-1
new geometry cards (NG defined in the 4th card); having

read one of them, the new computation is done, leaving
unchanged the data defined before the geometry card.

Having finished all geometry cases the program expects new
problem data, beginning with a data card as the above descri-
bed 3rd card and ending with NG new geometry cards (NG defi-
ned newly).

If there are no more data cards, the program stops ( in our
monitor at the so-called 7/8 -card).

(+)Here and later "right" means the side opposite to the
source.
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Chapter 3

The BIGGI 3P Cutput.

The first block lists the energies of the groups in the first
column, and their indices X, from 1 to K5, in the second.

As an annex, one line is printed with that index (as 2nd da-
ta) at which the pair production causes the annihilation
radiation (as near as possible to 0,511 MeV or, in other
terms, to the wavelength 1€C.U) and the first data is the
absolute difference (group wavelength - 1.0 C.U.)

The second block gives as first column the wavelengths of the
groups in C.U., each of them NS times (NS = number of slabs).
The next four columns give the cross sections in Thomson
units ver electron. The sequence is : total c.s. of the slab-
energy absorption c.s. of air - energy absorption c.s. of

the slab - pair production c.s. of the slab., Columns 6 lists
the slab index,j S going from 1 to NS repeatedly for any
wavelength grouﬁ, and column 7 the wavelength index K : NS
times 1, NS times 2, etc. until NS times K5.

(If NG >1 (4th data card), the first and second block are
reproduced only once, at the beginning of the case descri-
bed by the 1st geometry card, not at the beginning of the
cases described by the following geometry cards. )

The third block contains the spectra as function of penetra-
tion depth and wavelength. It consists of é]G(NS) sub-blocks,
each beginning with one line containing the spatial index
going from 1 (source plain, 1st sub-block) to FG(NS) (boun-
dary plain far from the source, last sub-block) and followed
by K5 pairs of numbers; the first of them is the spectrum

and the second its wavelength index K; the spatial index

of all of them is that at the top of the sub-block.
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(The printed spectra are not the real spectra, but those
multiplied with their wavelength in C.U, and divided by

the unscattered spectrum).

The next block contains the buildup factors, usually in

the following sequence: one line with the spatial index,
one line with the sequence energy, dose, energy absorption,
and particle buildup factor at that spatial point, all of
them without the cutoff corrections and a 3rd line with

the same sequence, but with the cutoff corrections. If the
difference introduced by the correction gets too great, the
cutoff wavelength was too small; in extreme cases the
"corrected buildup" can get negative.

Some additional points: If%%}(NS) is greater than 9, the
differences between two consecutive buildup factors are
printed, too, as 4th line in a sub-block. At boundary
plains between two slabs, the buildup factors are calcula-
ted twice, since the energy absorption buildup factor de-
pends on the material,

If for the last spatial point the angular integration for
the dose buildup is done with different weights (2nd data
card), this additional dose buildup factor appears between
the last and the last but one sub-block (without low - ener-
getic correction).

Two annexes of this block are: two lines with the energy
current buildup factor for the last spatial point, without
and with the low-energetic correction; and two lines with
the energy albedo as first and the particle albedo as se-
cond data, first line without, second with cutoff correction.
(For the albedos, too, a too small cutoff wavelength W(X5)
causes too great or negative corrections, or even a negative
"corrected albedd)).
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The next block gives éngular fluxes in quadruples: first
the angular flux, second the angular index (1 for the
smallest cosine, usually - 1.3; iMA fb5r the greatest cosine,
usvally + 1., explained at the first data card), third the
spatial indexg (1 for the source plain, JG(NS) for the
boundary plain opposite to the source), fourth the wave-
length index K (1 for the source energy, or wavelength,

K5 for the lowest energy = cutoff energy or highest wave-
length). The angular index spacing is 1, the spatial
gpacing ] DP (geometry card), the wavelength spacing KDP
(3rd data card).

The last block (printed 3 times) gives the "principal
output", i.e. a short survey of the most importaht input
and output data.

Under the heading "Angular mesh and weights" the first

two data cards are reprinted (in the same sequence, but
partially with different formats; this remark applies to
the reprint of the other data, too).

Under the heading "Wavelength mesh" and "Spatial and wave-
length parameters" the 3rd and 4th data cards are reprinted.
(If the initial NG was greater than one, NG decreases by
one for each case already calculated.)

After the heading "Lambdaé" there follows the wavelength
mesh table, after "Sigmatotals" at first the MM (4th data
card) total cross sections of the first slab, then those
of the second slab etc. The other 3 less important cross
gsection species-air and slab energy absorption and pair
production -~ are skipped in output. In our sample cases we
have MM = 24 and 8 values per line, so each slab occupies
3 lines.
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The geometry card is reproduced under "Geometry'.

The last sub-block gives under the heading "Place - BE -
BDOSE - BEABS -~ BPART as first cclumn the spatial index<;
and the buildup factore (with the cutoff correction) for
energy, dose, energy absorption and particles, in this
sequence, as in the buildup factor block explained above.
The index:a belongs the plain distani (3 - 1)+DZ mfp from
the source plain., At inner bounderies, She energy absorption
buildup refers to the fellowing maserial (e.g. if the place-
index ] is T1G(1), the energy 2bscrpsicr buildup gquoted in
$his block is “hat of the second slab, a2t ;?G(2) that of

the 3rd slab - if these follewing slabe exist..)
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Chapter 4

The BIGGI 3P Sample Cases.

Pogether with the Fortran listing of BIGGI 3P, we give in
the annex a rather truncated case in order to show that

even a rough energy mesh gives reasonable results.

It is the calculation of a 24 -mfp- slab of iron, with a
plane perpendicularly collimated. 4 MeV source. The spatial
integration step is 2 mfp, and only 14 wavelength meshpoints
are used; and the first wavelength integration step is

0.06 C.U., nearly half of the initisl wavelength 0.12775 C.T.
(This means a very short calculation execution time, f.i.

on the IBM 7090 only few sec per spatial point!)

We mark the data cards in the columns 73...80 with the
following symbols:

ANGIES for the 1st data card (angular mesh)

ANGWGHT " " 2nd " " (angular weight)

WL MESH n " 3rd " " (wavelength mesh)

ANG NS " " 4th oo (A, NG, NS, MM, MK, MP)

WL " " 5th " " (wavelength table)

WL " " 6th " " ( " "oy

FE ST for the 2 cards describing the sigmatotals of iron,

SD for those 2 with the sigma-dose-values (i.e. the energy
absorption cross sections of air, in T.U. per electron),
FE SEA for those two with the gigmas for energy absorption
of Fe.
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For the other materials calculated later —H20, Al, Sn,

Pb - FE is replaced by the resp. chemical symbol. The 2
empty cards describing the -here neglected- pair proéuction
cross section are not marked.

Geom or Geometry means the geometry cards. (All these marks
are given only in order to explain things better to the
user; they can be changed arbitrarily or skipped without
effect on the program.)

At 2, 4 and 10 mfp the energy buildup factors can be compa-
red directly with those of (3) and (4), and in spite of the
extreme mesh crudeness, they are only about 3 resp. 8 resp.
18% higher than those of the moments method. Similar (and
slightly higher) differences are found for the dose buildup
factors: about 6 resp. 9 resp. 20%.

It might be asked whether these differences are real or at
least partially due to fact that we used the cross section
data of (3), which differ somewhat from those published and
used in (4). A test run of -the same problem+ , but with the
cross section data of (4, p.12) showed that the differences
in the energy buildup were smaller than 1%o for penetrations
up to 10 mfp, and even at 20 mfp they remained less than
1/2%. Such a good agreement certainly is to be expected in
materials and at source energies where the Compton scatte-
ring process is dominating as in our sample case (the Compton
process is known with a very good precision since meny years,
so there was no considerable change in our knowledge about
it in the last few years).

+)Not. reproduced among the sample cases.



22

But where pair production and photoelectric absorption get
important, our knowledge about the cross sections has
increased in the last years, so the cross section and
buildup factor changes should be greater.

Another question is why our celculations do not depend
sensitively on the wavelength mesh, in contrast with the
moments method (4, p. 38, p. 54, p. 67). This should be due
to the fact that the integrands occuring in the moments
method contain as factors the oscillating Legendre polyno-
mials P7, so they are negative in some regionsg and a too
rough numerical integration scheme can even produce "negati-
ve spectra" at deep penetrations (4, p. 68). Since all our
integrands are not negative, we can use rougher integration
steps and a rougher integration rule than the moments me-
thod (trapezoidal instead of f.i. Simpson).

A last question could be how much our results change if we
use better spatial and wavelength meshes. So we recalculate
the above case of a plane collimated 4-MeV- source on a 24-
mfp iron slab, but with a halved spatial step (1 instead of
2 mfp) and halved wavelength steps in the important (upper)
energy region. This increases the calculation execution
time per spatial point by a factor ~2. But in order to avoid
that this report gets too thick, we give for the following
cases only the "principal output" defined at the end of
chapter 3. '

But the energy buildup factors change by less than 1% for
source distances < 12 mfp while at 20 mfp the difference
reaches 5%. This shows the surprisingly good "spatial and
energetic stability" of our method for deep penetrations.
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But some earlier distributed copies of B3P were not at all
"energetically stable"; for special wavelength meshes, the
results gat crazy (on a CDC machine; on the IBM 7090 this
did not happen, it seems because the IBM made more (!) roun-
ding errors than the CDC). If the users of the old version
(the new copies have been corrected) have such difficulties,
we propose either: a wavelength mesh where any wavelength
mesh point distance W(K') - W(X")

is unequal to 2,0 (K', K" = all pairs from the set
K=1, 2, 3,00., K51, K5)

or a correction in the Fortran deck: write in the statement
just before st. 280 (we quote the external formula numbers
and underline the corrected numbers twice, the o0ld and wrong
values once)

IS = 2

(instead of "IS = ")
and write in st. 290

290 iF (OM(IS) - OMSMA) 340, 295, 295

ingtead Of. R 3407 _35_’9_9 295)

Another field where our method is neither spatially nor
energetically stable is the calculation of the reflection
phenomensa, i.e. reflected spectra and albedos; here much
finer angulariwavelength)and spatial meshes are necessary, if
the results shall be good, and the exponential transformation
seems to lose its value here. >

With the same energy mesh and material we calculate another
case, changing only the geometry card: an isotropic 4-MeV-
source on a 24 mfp thick iron slab, DZ = 2,0 mfp.
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The average agreement with (4, p. 147) gets better than in
the collimated case: at 2,4 and 10 mfp 5, -1, and 13%
deviation instead of 3,8, and 18%. This confirms that our
buildup factors for deeper penetrations still show not
negligeable deviations from (3) and (4), but for isotropic
less than for collimated sources.

Up to now the calculations have shown that the deviations are
neither due to differences in the cross section library nor
to our spatial and wavelength meshes. (Further calculations
show that other values of A in the range 0.7 to 1.0 -
instead of 0.95 - produce only small influences on the
buildup factors) So the last possible reason remains the
choice of the angular mesh. Really, calculations with other
angular meshes show a considerable dependence of the results
on the chosen angular mesh points, and the used set of 8
points (+ 1.0, + 0.925, + 0.84, + 0.28) was taken since it
yields a reasonable compromise between the goals of preci-
sion on one and not too high computer time on the other
hand., The fact that our deviations from (3) and (4) are
higher ZIn the collimated than in the isotropic source case
can be explained, too, with the dependence on the angular
mesh: the isotropic source is, unlike the collimated one,
continuous in angle, so it presents less difficulties for

a numerical angular integration.

In order to show to the user also how to handle a multi-
slab case, we give as last sample a shielding sequence

Al + H,O0 + Pb + Sn + H,0 (and so, too, we give him the cross
section data of some of the most interesting elements resp.
materials., ) Here we see also such effects as buildup factors
decreasing with increasing penetration near boundaries (if
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the following medium is a strong absorber as lead or in
this context also void), and the energy absorption buildup
can even change by one order of magnitude. (This reflects
the fact that the corresponding weight function the energy
absorption cross sections- can change even by two decades
at a given energy, passing f.i. from water to lead!)
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Chapter 5

The B4T Input.

We describe at first the library 3data for the 30-elements
listed below.

1st and 2nd data card, format 12%5.0%/:
wavelength table with 24 values, going from 0,03407 to

25.55 CU (corresponding energy range: 15 MeV to 20 KeV).

3rd and 4th data card, format 12%6.0:

24 values of the difference "total Compton cross section
minus energy absorption Compion cross seciion", in barms
per free electron, referring to ths wavelength table
(taken from (3, p. 148), where these quantities are listed

as Zc‘an

5th data eard, format 2I6:

" 18t data = NEG = number of elements in the library; here
30, at most 30.
2nd data = KTP = number of wavelength mesh points with
pair production cross sections greater than zero (for all
elements); here = 9.

6th to. 95th data cards: 90 cards++), all with the format

12F6.03 the NEth triplet describes the NEth element in the
libI‘aI‘y, NE = 1, 2,0.0 ’ NEG‘,

+)In the input of floating point (decimal) numbers, we give in
any case the decimal point explicitly, so-at least mmimput- e.g.
F6.0 and F6.2 are equivalent.

+ More generally: 6th to (3xNEG+5)th data cards: 3zNEG cards.
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18t card of a triplet:

18t data = atomic number Z(NE)

2nd data = atomic weight AT(NE)

3rd to (KTP+2)th data: pair production cross sections > O
in barre per atom of element NE, referring to the wave-
length table. (Here KTP + 2 = 11)

2nd and 3rd card of a triplet: total cross sections in
barns per atom of element NE, referring to the wavelength
table.

Remarks: The sequence of elements is here

Index NE | Z(NE) Element | Index NE | Z(NE) Element
1 1. H 15 22." TI
2 4., BE 16 25. MN
3 6. c 17 26. FE
4 7. N 18 29. CU
5 8. 0 19 30. ZN
6 10. NA 20 35. BR
7 12. MG 21 42, MO
8 13. AL 22 47, AG
9 14. SI 23 50. SN

10 15. P 24 53. 67
11 16. S 25 56. BA
12 18. A 26 T4. w
13 19, K 27 T8, PT
14 20, : (073 28 81. TL

29 82. PB

30 92. U
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The total and pair production cross sections were taken
from (5), either directly or, for some elements (Ti, Mn, Zn,
Br, Ag, Ba) by suitable interpolation and extrapolation in
%, using again the data of (5). The program needs the Z(XE)
as floating point numbers, so they are given here in this
form, too.

Our library data finish with the 3rd card of the wuranium
triplet. The following cards form the

Problem Data

The Response Function Option.

The first p.d. card (=problem data card) defines whether
special response functions (r.f.) are needed or not. The
usual r.f.s leading to the energy and particle flux, the
dose rate and absorbed power are calculated in any way; but
the r.f. option allows to compute f.i. ( ngﬁ or (K; n)
reaction rates by inserting the appropriate cross sections.

18t p.d. card (format 6I6)

18t data = NRE = number of given r.f.s, < 4
2nd data
at which the r.f.s are given as function of the gamma
wavelength, < 36.

3rd data =IDR(1)=identification number of the first r.f.
(if NRE21)

4th data =IDR(2)=identification number of the 2nd r.f.
(if NRE2 2) ,

5th data =IDR(3)=identification number of the 3rd r.f.
(if NRE=3)

6th data =IDR(4)=identification number of the 4th r.f.
(if NRE=4)

KTRG= total number of wavelength mesh points,
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The IDR(1), IDR(2) etc. are used as different labels for
each r.f.. and leter for the integrated responses; if they
are skipped, the program will give to any r.f. the same
identification number zero, but the results of the program
will not change.

Remark: NRE<O0 means that no r.f.s are wanted; in this

case KTRG can be any value.

The R.F. Wavelength Mesh, Abscissae (only if NRE 2 1):1, 2,
or 3 cards, format 12F6.0, (1 card, if KTRG =12; 2 cards, if
132 KTRG<L 24; 3 cards, if 25< KTRG £36) describing the
wavelength mesh at which the r.f.s are given, the smallest
wavelengths first (corresponding to the 1st and 2nd cards

in the library data, but there can be more than the there
mentioned 24 mesh points, and they can be at other places.
The R.F. Value Mesh, Ordinates (only if NREZ= 1)

The first r.f. is described by KTRG values on as many cards
as are needed for the r.f. wavelength mesh, the nth ordinate
belonging to the nth abscissa, n = 1, 2,... KIRG.

- If NRE = 1, the r.f. data end here; for NRE = 2 follows a
similar group of 1, 2, or 3 cards giving (for the same wave-
length mesh) the second r.f., for NRE = 3 an analogous 3rd
group and for NRE = 4 a fourth. NRE > 4 is not allowed.

The Physical-Number Card, Format (I6).

18t data = NPHYS = number of physically different cases,
i.é., of those cases in which all the following problem
data must be newly defined; cases which differ only in

the so-called "geometry input" described later, are physi-
cally analogous.

The Geometry-Number Card, Format (2I6, F6,2, I6)

18t data = NGEOM =number of different geometry cases be-
longing to one physical case, i.e. the number of different
geometry input card sets.
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2nd data = NMG = total number of materials calculated by
the program, i.e. given by the input cards, < 9.

3rd data = CP = constant describing the pair production.
CP = 1.0 means a correct treatment.of the pair production
effect, CP = 0. its neglection (the annihilation radia-
tion is assumed to be absorbed just in the point where
the electron-positron-pair was created).

4th data = INDOUT; if > O, the output is greatly reduced,
there will be no intermediate results. INDOUT < O yields
a detailed output. INDOUT < O means, too, a direct prin-
ting of the spectra, INDOUT = O that all spectra are
divided by that of the highest energy group. (But this
denominator can vanish in some cases, e.g. collimated
sources!)

The 3+NMG Partial Density Cards, Format (12F6.0)

The 1st card triplet describes the 1st material, the 2nd
triplet the second material etc., finally the NMGth triplet
the NMGth material. The NMth triplet (NM = 1,2,..., NMG)
contains

on the 1st card as

1st data = RHO(NM, 1) = partial H- density in NMth material
2nd data = RHO(NM, 2) = paritial Be- n " " "
12th data = RHO(NM,12) = partial A - " " " 1
on the 2nd card
1st data = RHO(NM,13) = partial K - ] " " "
12th data = RHO(NM,24) = partialg - n n " n
on the 3rd card
18t data = RHO(NM,25) = partial Ba- " nooow "
6th data = RHO(NM, 30) = partial U - " " " "

(A1l densities are given in gram per cubic centimeter; which
element from H to U belongs to which element index NE from

1 to 30, is given in the table at the beginning of this
chapter)
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Example: The water (H-density = 0,112 g/cm3, O-density =

= 0,888 g/cm>) is defined by 0.112 in the columns 1 to 6
and 0.888 in the columns 25 to 30 of the 1st card of the
triplet; all other columns in the three cards can be left
blank, since the machine takes the blanks for zeros; but
the zeros can also be given directly.

An further explanation referring to the atomic weights in
the library and the partial densities in the problem data:
The atomic weights AT(NE) are those of the natural isotopic
mixtures. But the reactor technology sometimes uses mate-
rials enriched in certain isotopes (U235 in U, D20 instead
of H,0 etc.). Since the atomic weight can change by a factor
2 (passing from H to D), it can get necessary to correct
the input data in the following way: The requitrement is that
the macroscopic cross sections and the electron densities
have their correct values.

Both of them depend only on the ratio RHO (NM, NE)/AT(NE)
of the element NE in the different layers NM, where AT(NE)
is the average value A of the natural isotopic mixture.

If £ in the natural mixture is replaced by Ap, it is only
necessary to substitute the real § = §p by the value

Cerr = Sp - Miy

for now the gquotient geff/K has again its true value

. . - J g}
QR/AR' This megg; foi. Qe (D) = 1/285 (D) or § (U
238/235 §p (U°-7).

(The difference in the microscopic gamma cross sections

235 _

between different isotopes can be neglected, since even the
lightest nucleus, the proton, is by ~ 3 1/4 decades heavier
than the electron!)
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The Angular Mesh Gard, Pormat (I6, 9F6.2)

18t data = IG = number of angular mesh points,< 9
2nd to (1 +IG)th data: OM(1), OM(2),...,0M(IG) cosines
of the IG mesh points, the smallest first.

Remarks: Which angular mesh can be used in plane geometry
was already discussed in chapter 4. If regions far from
small spherical sources are of interest , it might get ne-
cessary to concentrate the mesh points near the forward di-
rection, e.g. to take IG = 9 and the sequence - 1.0; - 0.8;
-0.33 0.3; 0.8; 0.9; 0.96; 0.985; 1.0 as OM(1), OM(2),...,

OM(9). Cosine values = 0.0 or ~ 0.0 can lead to overestimates

near optically thin slab sources, but they can be used for
optically thick sources.

The Source Energies Card, Format (9 F6.0)

18t data = EV(1) = highest source energy, in MeV,
2nd " = EV(2) = " but one source energy, in MeV, wtil
9th " = EV(9) = lowest source energy, in MeV.

If less than 9 source energies are needed, the first super-
fluous EV -value must be given as value < 0.001, f.i. as
blanks or as gzero,

The Wavelength Mesh Card, Format (6 (F¥9.4, I3))

1s8t, 3rd, 5th, 7th, 9th, 11th data = 1s8t, 2nd, 3rd,...,
6th wavelength integration step DW(1), DW(2), DW(3),...,
DW(6), in CU,

2nd, 4th, 6th, 8th, 10th, 12th data= KG(1), KG(2), XG(3),..,

KG(6) = indices of the last wavelength mesh points at
which the steps DW(1), DW(2), DW(3),...,DW(6) are used.

Which wavelength meshes can be chosen was already discussed
in chapter 2; the only differences are the names of the va-
riables, DW1, DW2 etc. instead of DW(1), DW(2) etec., and
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K1, K2 ete. instead of KG(1), KG(2) etec., and the upper
limit is now
KG(6) < 51

The inequalities among XG(1), KG(2), KG(3),..., KG(6) cor-
respond to those among K1, K2,..., K5. But if less than

6 steps are used, it is necesgsary that the first superfluous
KG -value is smaller than, or equal to, the preceding XG,
f.i. if the last needed value is KG(3)= 24, KG(4) must be

£ 24, f.i. zero or blank, and the other steps and indices
DwW(4), DW(5), DW(6), XG(5), KG(6) are of no importance, f.i.
they can be left blank., As in chapter 2, the order of magni-
tude of the cutoff correction can be used as a test for the
right choice of the cutoff wavelength.

In one respect,«the wavelength mesh and the source energy
mesh are coupled, or at least not independent: if more than
1 source energy is used, the program assigns the highest
gsource energy to the 1st energy group and the lower source
energles to appropriate energy groups, requiring that the.
absolute difference between exact and approximated (group)
wavelength is a minimum.

If one source energy is too near to another (or the wave-
length step too great), two or-more source energies can be
asgigned to one energy group. In this case the program con-
tinues to compute, but gives a diagnosticSand neglects from
the f.i. 2 source energies attached to the same energy
group the second. (More about this in the fdllowing chapter
about the B4T output).
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The Geometry Input

The Geometry Parameters Card, Format (3I6)

1gt data = KOE = index defining the geometry; if KOE < O,
plain geometry and black boundaries left and right; if
KOE = O, spherical geometry and black boundaries at the
innermost and outermost spherical surfaces; if KOE >0,
spherical geometry, black boundary outward, the inner-
most sphere is assﬁmed to consist of the same material
as the inner spherical shell.

2nd data =3MDZ; if < 0, all lengths on the later descri-
bed spatial mesh card are interpreted in mfp at the
highest source energy in the resp. medium; if 7/ DZ > O,
those lengths are interpreted in cm. The gombilnation

MDZ = 0 and 78Q > O has a special meaning, explained in
the discussion of the layer source specification card.

3rd data = I2INT = index leading to linear (if < 0) or
quasi - exponential interpolation and integration between
two angular mesh points. (The linear case need not be
explained here) "Quasi-exponential" means: between the
two angular mesh points (w1, f,) and (w2, f2) we assume

a third, (W, 'f1 £,) with w = (w1 + w2)/2, i.e. an
exponential behavior of f(w) in the interval in question.
Using these 3 points, we do a quadratic interpolation and
integration, applying the Newton and Simpson formulae.
But in order to save computer time, we approximate, if
TI2INT = O (1st approximation)

v f + f f. = f
r_—ff"’ 1 2, 1 2 _ g
1 2= T & T{T‘f}“1
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(we exclude in the program the case (f1+f2) too near to
zero or negative)

or, if I2INT>O0 (2nd approximation)
Ve£,) = L (s, + =S
172 2 17 T8, /T 2

S, is an overestimate by

1
(rf’g - ‘f1)2

4(f1+ f2)

The relative error r, of S, is, if |f, - f P@ f, + f
. 14 1 22 1 2 1
£, - f £, - £\ ,
r, = % 2 f1 .21 + E;————fl
! fo+ 4y )7 2 + 1
This means errors of f.i. 1,75%0, if £, = 2f,; 2.5%, if

f, =4 f,5 13.66, if £, = 10 £, ;~62%, if £, = 100 £,.

The relative error of 82 is

2

Ty = —1—' r 2
2= = T

i /4

if 'r1'<i 1.

f.i. 0,03%, if £, = 4f,; 1,25%, if £, = 10 f,; ~34%, if
f2 = 100 f1. In the discussion of the sample cases, we shall
write something about the gain in precision with the option

+
I2INTZ O.

The output mesh card, format (10I6)
18t data = IOUTM; the most important ("prinecipal") output
(=energy integrals and problem input data) is printed IOUTM
times at the end of the total output.

+)
A price paid for this progress is a slight violation of the
linearity of the Boltzmann equation: The angular integral of
a sum can differ somewhat from the sum of the single inte-

grals, if I2INTZ= O.
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(In B3P the corresponding value was everytimes 3; the
option IOUTM < O is treated as if IOUTM = 1)

2nd data = IPA] not needed, if INDOUT>0; otherwise the
3rd " = IPZY7 transformed angular fluxes are printed
4th " IPDI for the angular indices IPA, IPA + IFD,
IPA + 2IPD etc. which are < IPZ

5 th data::JIm{ Analogous to IPA, IPZ, IPD, but referring

6th " ::gI% to the sgpectra, too, and valid for the

Tth " =Q?PD spatial instead of the angular indices

8th " = KPAY) Analogous to(‘TIPA, <71>z,<‘;1313, but valid for
Sth " = KPZ({ the wavelength instead of the spatial indi-
10th " = KPD) ces. -If INDOUT< O and IPA£0, the spectra

and angular fluxes are printed out at any mesh point in

the phase space (the program then redefines: IPA = IPD ??PA=

JPD = KPA = KPD = 1, IPZ = IG, JPZ = last spatial index,
KPZ = last wavelength index)

The Material-to-Layer Transformation Card, Format (10I6)

18t data = MST; if € O, the 1st layer consists of the 1st
material, the 2nd layer of the 2nd material etc., until
layer NS of material NS (here NS must be smaller than or
equal to NMG). MST > O means: 1st layer of material M(1),
2nd of material M(2), etc. until layer NS of material
M(NS), where

]

2nd data
3 rd n

M(1)
M(2)

(NS+1)th data = M(NS)

Remarks: NS is not given explicitly in input, but computed by
the program itself (by the data on the layer boundary indices
card).
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For MST < 0 the input values M(1), M(2) ete. are unimpor-
tant. - Two examples: We put NMG = 2, 1st material "‘(1st
partial density card triplet) = Fe, 2nd material (2nd cor-
responding triplet) = H,0. Then NS = 2 and MST< 0 means:
18t layer Fe, 2nd H,0. NS = 3, MST >0, M(1) =2, M(1) =1,
M(3) = 2 means: 1st layer H,0, 2nd layer Fe, 3rd layer H,0.

The Spatial Mesh Card, Format (10F6.0)

1st data = R = smallest radius considered in spherical
geometry (= inner radius of innermost shell); in plain
geometry (i.e. if XKOE < 0) unimportant.

2nd data = DZ (1)= spatial integration step in layer 1
3rd " — D7 (2)___ H n " n " 2
(NS+1)the data = DZ(NS)" " " " " NS

The units of R and DZ (gs), gs: 1, 2,...NS are defined
bszDZ on the geometry parameters card.

The Layer Boundary Indices Card, Format (9I6)

1st data =gG(2) =gof left boundary of 2nd layer+)
2nd " =3 G(3) =3 " " " " 3rd " etc.

NSth " = G(NS+1)=;} of right boundary of the last
(= NSth) layer :

Remarks: The program puts J G(1) = 1. -We have for

142 7s - 1< Js< Ns |
gof left boundary of llayerg S = of right boundary of
layer 98-1 (the boundaries are counted only once, which
is not the case in every transport program). The thickness
of the layer gs (slab, if KOE < O; shell, if KOEZ=0) is

+) 3: symbol, here and later, for "spatial index".
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EEFLGLERD SESDIEE L

in units defined by JMDZ (geometry pamameters and spatial
mesh card). The 1st layer f.i. has the thickness

{3(}(2)-%’(}(1)} x DZ(1) =§3G(2)-1} x DZ(1) mfp, if
JMDZfO, and the same number of cm, if JMDZ > Q.
Clearly we must have the inequalities
Fe(1<Je(2)<Je(3)< ...<JG(NS)4JG(NS+1)
(but not,as in B3P, ;]IG(1)+1<JG(2) etc.; see ch.2).

The first superfluous value of G - f.i. if 3 layers are
needed, we must define 57(}(2), 9’ G(3), and JG(A,), S0 (}’G(5)‘
is the first superfluous -~ must be < its predecessor, in
our example

';}G(s).fgc;(a,),

f.i. QG(S) = gero or left blank. From this violation of
the natural inequalities the program determines the right
value of NS, here NS = 3. (So here such a violation is
necessary, except in the case NS = 9)

The Exponential Transformation Card, Format (9F6.0)

1st, 2nd, 3rd,...,NSth data = A(1), A(2), A(3),...,A(NS) =
exponential transformation parameters A(grz S) of the layer
Js, Js =1, 2 3,...N5"). The exponential factor split
from all the fluxes and sources 1is in one-layer-geometry
at the point x

exp {— A(1)).11 (x - X1)}

*)Some authors call these parameters A(J S) "Kahn's constants"
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(x1= X of the innermost point) and in a multi-layer case

exp {—LZ;A(X')/H (x") dx'}

}u1 is the total macroscopic cross section at the highest
source energy. Let P be the corresponding energy-dependent
value; then A should obey the following conditions:
P(x) + A(xbu1(x) should not get negative or too near to ze-
ro; the contrary would imply the possibility of negative
cross sections, i.e. a reproducing instead of an absorbing
medium. In a source-free layer with the sources at the
left side this means that 0.7 A £€1.0 is a reasonable
choice, 1f the highest source energy is not above that ener-
gy with the total cross section minimum; then we must have
|4l < min § pGo/u (0}
This situation was already discussed in chapter 2; but here
we have also the possibility of a source-free layer with
the sources at the right side, and then the sign of A must
be inverted. In optically thin layers A can be put equal
to zero or nearly zero. In a source-containing layer A
should be chosen in such a way that the spatial source de-
pendence is roughly proportional to the above-mentioned
exponential. If an optially thick source-free layer is con-
sidered with sources at the left and at the right side, the
exponential transformation should either be avoided (i.e.
A = 0.0 and small DZ - values in this region), or the layer
should be divided in at least two sub-layers: one in which
the fluxes coming from the left prevail, where A>Oj one
in which the fluxes coming from the right prevail, where
A <0; and eventually one where the flux is a flat function
of x, where A~0,0, A similar decomposition could be used
in a layer with a source which has an extreme value near the
layer center and changes rapidly in space at the sides.
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The Angular Source Distribution Card, Format (I6, 9F6.2)

1st data = IWV = index defining the angular distribution
of the sources S(w,x,ﬁ): S,'(w_)x S2(x,2 ) in quanta per
(cm3 sterad. Compton unit), w = angular, X = spatial,

) = wavelength coordinates. IWV = O means S1(W)= 1.0

for all w, i.e. an isotropic source. IWV>O means a
conically collimated source: S1(w) = 1.0 for the value
w = OM (IG+1 - IWV), defined on the angular mesh card,
and S1(w) = 0 for all other there given values OM (I).
Between two adjacent mesh cosines OM (I) and OM (I+1)

a linear or gquasi-exponential interpolation is used

{ depending from I2INT on the geometry parameters card);
S0 S1(w) is a continuous function of w, piecewise either
linear or quadratic. Especially IWV = 1 means a perpendi-
cular collimation.

Only values IWV< IG are meaningful.

IWV<O0 means that the angular source distribution is
described by the following data on this card.

Qom(1) = s,(oM(1))
3ra " QoM(2) = s,(0M(2)), until

(IG+1)th data = QOM(IG) = s, (0M(IG))
with a similar interpolation between these points as
described for the case IWV>O0. If IWV2 O, the values
QOM(I) are superfluous in input, since they are defined

2nd data

by the program itself.
The Layer Source Card, Format (I6,9F6.2)

1st data =JSQ = layer source index, describes the spatial
source distribution. SQ> O means sources only in the
'JSQ_th layer 6o only values JSQf 9 are meaningful);
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SQ =0 means for spherical geometry sources only in the
central (i.e. the smallest) sphere; SQ <0 means that
the sources are given by the input in the next cards,
and the values QE(1), QE(2) etc. following here are
unimportant in this case.

2nd data = QE(1) = source energy spectrum for the highest
source energy EV(1) (source energies card)

3rd data = QE(2) = source energy spectrum for the 2nd
gource energy EV(2) etc.; there must be as many QE -values
ag there are source energies EV, at most 9.

If JSQE O, the problem data end here, and we must describe
finally the normalisation of the sources for this case. If
SQ = 0, at the energy EV(KV) the source strength is within
the central sphere S.I(w)x QE(XV)/ (47 =DW) qu.a.n‘ta/(cm3 sec
sterad . CU) with DW = appropriate wavelength integration
step from the set DW(1), DW(2),...DW(6), and S1(w) is defi-
ned by the values on the angular source distribution card.
An integration over all angles and the wavelength width of
the energy group gives 0,51_715'1 S1(w) dw x QE(KV) quanta/

{em3 sec) at the energy EV(KV).

E.g. we get for an isotropic source (i.e. IWV = 0)

QE(KV) quanta of energy EV(KV) per (cm3 sec)

Forg 5Q =0,at all points not within the central sphere the
sources vanish, IfJSQ)O a.ndJM])Z#O, we have in the layer

JSQ at the energy EV(KV)

S1(w)rQE(KV)/(4‘” W) qua.n‘ta./(cm3 sec, sterad . CU)

Again, the sources vanish in all the other layers; the inte-
grated results are the same as in the case [SQ = 0, apart
from the source location. Especially for an isotropic source
QE(KV) is the source density in g/(cm3 sec), at EV(XKV).
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Ifé}SQ>‘O and MDZ = 0, we mult%ply the above-described
sources with a further factor 2i5, (Byoy) = ss(1,<7 S,1),
i.e. the linear total macroscoplc cross section at the
highest energy in the layer%?SQ(in cm_j). This simplifies
the normalisation in some cases: f.i. we simulate a plain.
isotropic monoenergetic source by a thin slab source. We
“want to define the length in mfp, so we put KOE <0, 7 MDZ =
0, JSQ= 1, IWV = 0, 76(2)= 2, D&(1) = £€1.0 (e.g. = 1072),
and QE(1) = 1/g. Then the source strength of this quasi-
plain source is, in quanta/(cm2 sec):

QE(1)=(slab thickness in cm)= *JgQ (E1)

_ 1 <l <1 _ 3

—E'-!_(DZ(1)/Z1 (E1))!21 (E1)_ Z £ =1

With the optionJMDZ(O we should have, if the other values
. T 2

remain unchanged, ”(EH (Byox) quanta/(cm® sec).

We finally have to discuss the option JSQ<O. In this case
the QE(1), QE(2),...etc are superfluous, and we need as next
cards

The Source Fluxes Cards, Format (6E12.0)+)

Explanation: Often the source is a product of a function
depending only from the spatial coordinate and another
function which is material - and energy - dependent. Example:
if we consider only gammas from thermal captures, the 1st
function is the thermal flux and the 2nd the material-depen-
dent capture gamma spectrum, normalised so that its energy
integral gives the macroscopic radiative capture cross section
of the material in question. We describe the 1st function with
the source fluxes cards and the 2nd with the source spectra
cards.

T

These and the following source spectra cards are the
only input cards using the field specification E!
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18t data (of the source fluxes cards) = FS(1) = source
flux at the 1st spatial point.

2nd data = FS(2) = source flux at the 2nd spatial point.

3rd " FS(3) - " " n n 3Ird " " ete.

In this way the data continue until the data J G(NS+1), gi-
ving FS(JG(NS + 1), in total one value per spatial point.
Since only 6 values can be given on one card, we need

integer part of [(JMA + 5)/6]
source flux cards gyMA = abbreviation for{]G(NS+1)).
The Source Spectra Cards, Format (6E12.0)

Since the capture cross section and the capture gamma spectra
(more generally: the 2nd of the 2 functions mentioned above
in the explanation) change from material to material, they
must be defined on a last set of cards. We call the number

of source energies KVG. (KVG is not given explicitly in
input, but computed by the program itself using the data on
the source energies card) We need one card per layer if

KVG is smaller than seven, otherwise two of them; but KVG
cannot be greater than nine!

18t data = GS(1,1) refers to the source energy EV(1) in
the 1st layer

2nd data = GS(2,2) " woon " " EV(2) "
the 1st layer, until

KVGth data= GS(1,KVG) o n " EV(KVG) in
the 1st layer

If the total layer number NS is > 1, NS - 1 analogous sets
of one card (if KVG< 6) or two cards (if KVG™ 6) must fol-
lows; they refer to the 2nd, 3rd,...,NSth tayer. (For NS=1
the problem data of one case end after GS(1, KVGZ)
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The gamma angular space - and energy-dependent sources
are in the QSth layer, at the th spatial point, at the
KVth source energy, and at the cosine mesh point oM(I)

GS(JS, KV)=x FS(%’ )EQOM(I)/(4F =DW) q_ua.nta./(cm3 gec sterad CU)

(see angular distribution card and layer source card).

Let FS(71 ) be the thermal neutron flux at the spatial mesh
point 7] , then GS(;‘:{S, KV) is the capture gamma spectrum in
the layer 3- S, in quanta of energy EV(XV) per cm. In other
words, GS('?T S, KV) is the product macroscopic (f.i. thermal)
neutron absorption cross section of the layer 5[ S(in captu-
reSper cm) times the number of quanta per average capture
with the energy EV(KV), KV = 1, 2,...,KVG. (But since the
gamma sources depend only on the product GS = FS =x QOM,

it is possible to shift some factor, f.i. a power of 10,
from one of the 3 factors GS, FS.and QOM to any other).For
the most important case of isotropicity we have at the ener-
gy EV(XV) a source strength FS(J )= GS(&S, xv) &/(cm> sec)
at EV(KV), at the point 7] in the layer JS.

Now a problem is defined completely, and the program execu-
tes the calculations. Afterwards the results are printed out,
as described in the next chapter. If NGEOM (geometry number
card) is greater than 1, (NGEOM -1) further sets of geometry
cards are expected, beginning with the geometry parameters
card. Their problems are executed and their results printed
as above. Having done all the NGEOM cases, the program is
finished, if NPHYS_.§1; if NPHYS >1, (NPHYS -1) further sets
of problem data (including new geometry data) must follow,
starting from the geometry number card.
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Chapter 6

The B4T Output

If INDOUT< O (full output, as described on the geometry
number card), the program gives as 1st block the macrosco-
pic cross sections in cm_1 for the materials specified on
the NMG partial density card triplets; the wavelength mesh
is that of the 1st and 2nd library data cards. The heading
NM stands for the material index, going from 1 to NMG + 1
(NM = NMG + 1 means the air, needed for the flux-to-dose—-
rate conversion coefficients); K is the wavelength index,
going from 1 to 24. The other headings are self-explana-
tory; we mention only that PAIR means pair production and
EABS the energy absorption.

As an annex of the 1st block, for each material NM (from

1 to NMG+1) the total demsities (RHO) and the electron
densities (ELDENS) are printed, in gr/cm3 and el/(barn cm)=
= el/AngstromS. If INDOUT > O, this 1st block is skipped.
The next lines (printed in any case) show how the group
wavelengths are assigned to the wavelengths of the source
energies. The 18t column gives the energetic source index
KV, from 2 to KVG+1 (KVG is the total number of source
energies, KVG + 1 corresponds to the annihilation photon
gsource). The 2nd column lists those energy indices from the
wavelength mesh whose energies are as near as possible to
the source energies, the 3rd the source wavelengths, the
4th the assigned group wavelengths and the 5th their absolu-
te differences. (The case KV = 1, i.e. highest source ener-
g8y, is skipped, since trivial.)
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If the condition described in the wavelength mesh discus-
sion is not met, the there mentioned diagnostics is prin-
ted here; then at least 2 equal indices appear in the se-
cond column. |

. The next block is given only if INDOUT<0; it is similar

to the first and gives with the same heading the macrosco-
pic cross sections of the NMG + 1 materials; only the se-
quence in NM and K and the wavelength mesh are changed

(now it is that defined by the wavelength mesh card). If
response functions are used (by the option NRE positive),
their values are given as an annex (for the same wavelength
mesh, together with their wavelength indices and their
identity numbers IDR(MRE), MRE = 1, 2,..., NRE.

The following block is headed "Spectra..." (printed only if
INDOUT £ 0).It consists of sub-blocks; each of them has its
spatial index J at its top (J begins with JPA and is conti-
nued with the spacing QIPD until JPZ, as given in the
output mesh card), and contains at this spatial point the
spectra integrated over all angles. Before each spectral
value stands its wavelength index K (from KPA to KPZ with
spacing KPD, output mesh card).

For INDOUT > O this block is suppressed; for negative

INDOUT the spectra are printed directly; for INDOUT = O they
are divided by that of the highest energy group and then
printed. (But this option INDOUT = O can lead to difficul-
ties, if at some spatial point the unscattered highest ener-
gy flux vanishes, f.i. for collimated sources!)

The next block (suppressed for positive INDOUT ) gives, with
an appropriate heading, the energy-and space-dependent angu-
lar fluxes, transformed with the exponential (described in
the explanation of the exponential transformation card) and-
for spherical geometry (KOE>O0) with the factor XGQ])Z;
XGQ}) is the distance from the center to the point with spa-
tial inde;& ,in cm.
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Behind each angular flux (in quanta per (cmz.sec.sterad .
Compton unit)) there is the corresponding triplet: angular
index I, spatial index;g , wavelength index K, in this
sequence. The mesh applied in I, |, and K is described in
the discussion of the output mesh card.

The next 2 lines give the "Square root error index IE" and
its value. If it is zero, the square root calculations in
the scattering kernel were o.K.j; if it is positive, the
radicandus has got negative (by machine or input errors)
IE times and was substituted by an estimated value. (We
guess that for an average problem - 8 angular, 20 spatial,
30 wavelength points - the program has to compute in the
order of 105 square roots!) The next two blocks (last but
one and last) are printed IOUTM (output mesh card) times,
but at least once, if IOUTM is put zero or negative.

The last but one block (printed in any case) gives the to-
tal energy flux in MeV/cm?/sec, the dose rate in rem/hr
(for gammas equal to roentgen /hr), the energy absorption
rate in MeV/cm>/sec and the particle flux in photons/ em?/
sec, and finally for each spatial point its abscissa in

cm and in mfp (= mean free path at the highest energy
group) and its spatial index. At the layer boundaries the
values are calculated twice (one of them, the absorbed
energy rate, is material-dependent; this means a disconti-
nuity, if the layer material changes). A spatial point is
described by a sub-block of 2 or 3 lines. The 1st contains
the 4 physical quantities listed in the headline without
cutoff correction, and the above described 2 values and the
index of the abscissa, the 2nd ‘the 4 corresponding values
with an estimated cutoff correction (and if the relative
correction gets too great or even negative, a too low cutoff
wavelength was chosen).
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The 3rd line is printed only for monoenergetic sources

and contains the 4 buildup factors of the quantities
listed in the headline, cutoff correction included.(Build-
up factors which would diverge are skipped; the "polyener-
getic buildup factors" are not calculated because of their
small interest and difficult evaluatiomn)

If response functions are given, their energy integrals
follow as annex, each response integral in one column,
preceded by the abscisgssa in cm and headed by their iden-
tification numbers IDR. Again, the first line of a pair

is without, the second with the cutoff correction.

The last block (printed in aqy case) reproduces the total
problem data input in the same sequence as listed in the
5th chapter about the input, with self-explanatory head-
lines. But the format is sometimes changed (f.i. an expo-
nential of 10 instead of a floating point) and there are

some exceptions:

1) The partial densities of the NEth element in the NMth
material are given in input on a card triplet, but prin-
ted out in a column under the heading RHO(NM, NE), NM =
1y 254444y NMG. These "material columns" are preceded by
three others: the elemental index NE, its corresponding
atomic number Z =Z(NE), and the partial densities used
to describe normal air.

The parantheses around the set of names "NE 2 RHO(AIR,
NE)" shall remind of the fact that these quantities do
not figure in the problem data input.

2) If the option IPA < O is used, the output mesh IPA, IPZ,..,
KPZ, KPD is redefined by the program and printed in
this form (then we have IPZ = IG, JE% and KPZ = highest
occuring spatial and wavelength indices, IPA, IPD,;?PA,
QPD, KPA, and KPD are put equal to unity).
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If the option MST< O is used, the program redefines

and prints: M(1) = 1, M(2) = 2,..., M(NS) = NS (NS =
total layer number),

The spatial mesh (R, Dz(1), Dz(2),..., DZ(NS)) is

printed in cm, even if in the input the values are
specified in mfp (byJMDZfO).

If the option IWVZ 0O is used, the angular source

weights QOM(I), I = 1, 2,..,IG are redefined and so
printed.

If the option 28Q<'O is used, the values QE(XV)

(KV = source energy index) are of no importance, neither
in input nor in output.

In new physical and geometric cases, the program redefi-
nes NPHYS resp. NGEOM, subtracting 1 from the previous
values.,
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Chepter 7

The B4T Sample Cases

We give (in the annex) a first sample similar to one of

the B3P samples: a plain isotropic 4 MeV - source inecident
on a Fe -slab (the "plain source" simulated by a thin slab,
0.01 mfp thick). As example for a response function we

take the conversion coefficients from particle flux to do-
se rate+),in /urem/hr per photon/cm2/sec;

So this dose rate in microrem/hr should be 106 times the
dose rate computed in rem/hour. (As identity number we take
415 - d= 4th, o = 15th letter in the alphabet) The compari-
son shows that the ratio is really 10% within 3%o for all
spatial points except the last where the difference is about
5%0, a satisfactory precision. Further we compare the energy
buildup factors of B4T, B3P and the moments method MM ( 3,4)

g X B4T B3P MM D(B4T) % D(B3P) %
2 2.23 2.33 2. 21 1 5

4 3.08 3. 14 . 3.18 -3 -1

7 (4.84) (5.17) 4,95 -2 4

10 6. 96 7.80 6.90 1 12

15 (11.3) (13.2) 10. 4 8 21

(the values in parentheses are interpolated).

+)fr9m (3, p.17), but corrected by the factor 32.5/34 =0.956,
which is not taken into account by (3) on p. 17, but men-
tioned there in the footnote on p. 13.
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The last two columns show the relative difference of B3P
and B4T compared with MM, in rounded %; the average for
BAT is 3%, for B3P ~ 9%. There is more than one reason for
the improved accuracy of B4T:

1) We used in BAT an angular mesh not symmetric to zero,
but describing better the forward-peak in scattered and
unscattered angular fluxes

2) We have improved somewhat the angular integration in
B4T, using better approximations

3) We have used the option I2INT positive, which should
give good results for plain isotropic sources.

Even the rougher wavelength mesh we used in B4T (17 points
instead of 22 in B3P) does not deteriorate the results of
B4T.

The effect of the option IZ2INT positive can be seen when
we compare the unscattered spectra (those with K = 1) with
their theoretical values. We use the values IWV = O (i.e.
all S1 (w)=1, QE (1) = 12, DW (1) = 0,06; this means per
cm3 a source density (integrated over the solid angle 47 )

of+)

1 . 12 . 4T = 200 3phot
41 + 0,06 cm” sec . CU

(not integrated over wavelength, i.e. within the first wa-
velength group of width DW(1) = 0,06 CU). In order to have
the source density in phot/(cm2 sec CU) of the thin slab,

we must multiply this result with the slab thickness DZ(1)
in om and, since we used the optionJ MDZ = O, withgf (E,)
and these 2 factors together give just the thickness in mfp,
in our case 10—2. So our effective plain source strength is

2 phot/(cm2 sec CU)

E E—

Here we use the prescriptions of ch.5, explanation of the
layer source card
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and this means in a distance /u1 x mfp from the slab
source midplane an unscattered spectrum (for /u1x:;1)

2 . —%— . E, (/u1x) phot/(cm2 sec CU)

numerically just the exponential integral. We take its
well-known values from (6) and compare them with those of
BAT (we write (-n) for 107 %)

%y X E1(/u1 x) BAT Error in %
2 4,890 (-2) 4,649 (-2) 5,2
4 3,779 (=3) 3,873 (-3) +2,4
6 3,601 (~4) 3,644 (~4) +1,2
8 3,767 (-5) 3,751 (=5) -0,4
10 4,157 (-6) 4,101 (-6) -1,4
12 4,751 (=T7) 4,668 (=T7) -1,8
16 6,641 (=9) 6,515 (-9) ~1,9
20 99836 (-11) 99675 ("11) _177
24 1,512 (-12) 1,495 (-12) =151

We see at most spatial points a good precision, better than
2%; that the errrs are greater at /u1 x =2 or 4, has
its reason in our angular mesh

-1,01 -0,75{ -0,240,1{ 0,651 0,81 0,92} 1,0

which represents well the forward peak in angle at deep
penetrations, but badly the side peak ( 0£w<&1) for small
/u1 X At1an ideal plain source the angular flux even diver-
ges as w ! At the boundary of the source slab - é?:Z - the
unscattered flux should be
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100 -{1 - E, (o,o1)§ = 5,03

and B4T gets only 3,55 and for the other source boundary

- ;} =1 ~ the result is still worse. But this is the case
only near optically very thin sources, and the BIGGI pro-
grams aim more at the situation in deep penetrations. In
"production problems" where the sources are usually thicker,
these discrepancies are greatly reduced. One further re-
mark: Near optically thin sources, the option I2INT negati-
ve (linear interpolation in angle) should give better results,
but far from (thick of thin) sources the option I2INT not
negative, quasi-exponential interpolation. ,

As next sample, we take with the same physical data a colli-
mated 4-MeV-source incident on iron, changing on the angu-
lar mesh card IWV from O (isotropic) to 1 (perpendicularly
collimated). Furthermore, we take I2INT = O (instead of 1,
gince here the dependence of the angular fluxes from angle
will be somewhat between linear and exponential, while for
isotropic plain sources it wWill be exponential in good ap-
proximation) and change the output mesh, so reducing the
intermediate output (greater printing steps IPD, 7PD, KPD).
Since we discussed already in the last sample thé response
function and the unscattered fluxes, we limit ourselves here
to the energy buildup factors BE listed in the table. (From
the B3P values, we take those with the rougher spatial and
wavelength mesh)
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/0% B4T B3P MM D(B4T) % D(B3P) %
2 1,73 1,84 1,78 -3 3
4 2,51 2,81 2,60 -4 7
7 - (3,82) (4,49) 3,96 —4 12
10 5,31 6,44 5,47 -3 15
15 (8,21) (10,4) 8,27 -1 20

Again we see a greater precision of B4T (average error of
B4T: 3% too low, of B3P: ~ 11% too high). The reasons are
the same as in the just discussed case of the isotropic
source (better adapted angular mesh, improved angular inte-
gration, option I2INT = O) A comparative run of the same
problem shows that the greatest part of the gained preci-
sion is due to I2INT; for I2INT < O the average error in

BE got 18%, ranging from 11 to 26).

As next sample, we simulate an isotropic 8-MeV- point source
in tin (density 7.3 g&/cm3). We cannot define a real point
source, so we specify (in cm, by gMDZ> 0) a thin shell sour-
ce of inner radius rg =7, 1 om (~ 1,9 mfp) and of thickness
0,37 em (~ 0,1 mfp). The localisation of the sources in a
thin shell (and not in a full sphere) has the advantage to
avoid a too high self-absorption, and the rather great ra-
dius of this "point" avoids a too sharp psaking of the
unscattered angular flux near the forward directionwa~1;
even with r_ ~ 2 mfp, the unscattered flux is £0 at

r = 22 mfp only in the angular interval with the half ope-
ning angle~ 2/22, d this means a cosine interval from

w= 1 -—= . (55)= 0,999 tow = 1! (r ~ Imfp would
mean a lower limit of ~0,9990 instead of 0,9959!)
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Even in this more favorable condition, we must use an angu-
lar mesh with more than half of the 9 points concentrated

in the small interval 0.9...1.0 (.9; .95; .98; .993; 1.0);
the other 95% of the total w-range must be represented by
only 4 values (-1.0; -0.4; 0.32; 0.75). We choose a reduced
output (INDOUT >O0) and a rather rough wavelength mesh (only
12 points, ending already above the single-scattering cutoff-
a procedure possible only in such high -Z- media as Sn).

In order to be able to compare our buildup factors with those
of (3) and (4), we put the "effective point source distance”
/% Tofs equal to JuqT = juT e T - 2 (so we assume -
at least for the buildup factor comparison - a point source
instead of a thin shell source at /oqr = 2)

B4AT - results MM results (3,4)

Siy T W Toee BE*) BD BEA BE BD BEA
3 1 1.29  1.37 1. 26 .15  1.19 1.14

4 2 1.55  1.71 1.49 1.34 1.42 1. 31

6 4 2.14 2.5 2.01 1.83 2.05 1.74

9 7 3.53 4.38 3.21 2. 97 3.57 2.93
12 10 5.63 7.29 5.03 4.91 6.19 3.48
17 15 11.85 16,1 10. 4 11.3  15.1 9.7
22 20 23.1  32.2 20.0 24.7 34.0 20.8

The comparison shows average errors of 13% in BE, 16% in BD,
and 12% in BEA; the corresponding maximum errors are 19,23,
and 18%, and with the exception of the last spatial point the
BAT results are too high.

We can check the absolute values, too, by a plain - to -
sphere transformation ( 7, par. 10.60.). We replace the shell

+)B= buildup factors, with E= energy, D= dose, EA= energy
absorption.
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source between 1.90 and 2 mfp by a spherigal surface source
at o, r = 1.95; its appropriate source dgnsity is QE (1) =
DZ (1) or (1033{/cm3/sec) .0,37 cm = 37O<§/cm2/sec. With

the neglection of a correction term in the order of e_4n42%
we get an unscattered particle flux ﬁﬁo

ﬁéo)(/u1 r)= 370 . }ﬁ?i . _; E, (/u1r ~1.95) &/cn’/sec

From the program output, we extract the same quantity by
dividing the total particle flux through its buildup factor.
So we get the following table

Sy T jugT -1,95 Qéo)(anal.)+) ﬁéo)(B4T)+) D %

3 1,05 24.3 26. 1 +7

4 2,05 4,11 3.54 -14

6 4,05 0.214 0.179 -16
-9 7,05 4,36(-3) 3.52(-3) -19
12 10,05 1.18(-4) 0.99(-4) -16
17 15,05 3.86(-T7) 3.41(-T) ~12
22 20,05 1.54(=9) 1.52(=9) +1

So the maximum error is 19% (too low), the average 12%,
gimilar as the in the buildup factor results.These errors
are worse than in the plane geometry case, but they are no
wonder, when we think of the above -mentioned effect that
at /u1r = 22 the unscattered radiation is> O only in an
interval from 0.9959 to 1.0, i.e. about 2%, of the whole
(w -range! Such delta-like functions make troubles in any
numerical integration. As is to be expected, the results

+]anal.= analytically calculated, B4T= from progrem B4T,

D= relative difference, referring to the analytic result.
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depend sensitively from the w-mesh and still more from the
option IZ2INT (here positive); with a worse suited w-mesh
and I2INT <O we once got an unscattered flux by a factor~4
too high at /u1rfv20! (In general, I2INT<O0O seems to give
overestimates for deep penetrations, f.i. at ~ 20 mfp 20 -
30% in plane §eometry, and one or some hundred % in spheri-
cal g-eome‘try+ ). But as long as the errors do not exceed

20%, as in our sample, they are of no great importance in
shielding calculations; he who wants higher precision in

the buildup factors can calculate them in plain geometry

and transform them to point sources starting from such for-
mulae as (5-86) in (3) (by differentiating it with respect

to o, x , f.i.). And the unscattered fluxes usually cen

be calculated better analytically. Certainly, if the sphe-
rical sources are greater, the errors will decrease.

Up to now we have discussed homogeneous configurations

(i.e. of one material only). But one of the main aims of the
BIGGI programs is just the handling of heterogeneous geome-
tries. So we take as last but one sample a water - lead

shield (plane collimated 1 MeV - source, 3 mfp H,0 +3 mfp Pb).
The plain source is simulated by a water layer of thickness
2. 1073 mfp. The material -to- layer transformation is used
(MST positive), and we put M(1) = 3, M(2) = 3, M(3) = 1;

this means : 1st and 2nd slab of 3rd material (water), 3rd

of 18t material (lead). We describe the collimation not by
the option IWV positive, but IWV negative and all the QOM(I)=
O with the exception of the last two values which are 1.0;

so we describe a sharp angular cutoff by putting closely

E) P

This behaviour might surprise; but in spherical geometry the
angular flux vanishes at one angular mesh point, but is positi-
ve at its neighbour. In most cases the "angular threshold"lies
between them, but I2INT< O assumes it at the lower mesh point,
80 producing in certain regions great positive instead of zero
angular fluxes, unlike I2INTZ0.
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together the last but one and last but two values of the
angular mesh, OM(I) (from -1.0 to 0.949 the angular sour-
ces are zero, from 0.951 to 1.0 they are 1.0). As in

BIGGI 3P, we see at the interface a jump in the energy
absorption buildup by a factor considerably different from
one (here~ 5.8).

We compare our dose buildup factors with those read from
the curves of (8), fig. 1. (In the /u1x—definition we ne-
glect the source thickmess)

Sy x BD (8) BD (B4T) D (%)
1 1.75 1.82 4
2 2.6 2. 60 0
3 3. 65 3.02 ' 21
4 2.5 (2.9) 2.47
5 2.45(3.2) 2.51 2
6 2.7 (3.5) 2. 60 -4

For the lead (/u1x>-3) (8) gives two values for each /9y X5
the lower calculated by Monte Carlo, the higher by response
matriczs; we have quoted the higher values in parentheses.
For most points our values and the Monte-Carlo-results of
(8) agree within 4% or better+). Only at the interface the
value of (8) is ~+ 20% higher than ours. But (8) gives the
same buildup factor value (=3.65) at /0% = 3 for the two
different cases a) Pb behind JugX = 3 (our sample case)

and b) H,0 behind Juqx = 3, i.e. in (8) the boundary effect
is neglected, while our method takes it into account.

+](amd part of these differences should be due to the fact

that one cannot read exactly the third decimal place from
the curve in (8) )



(The assumption in (8) seem to include some sort of straight-
ahead-approximation, (3, p.166-168)),Really, a B4T run with

2 mfp water behind /u1x = 3 mfp ytelds a dose buildup factor
of 3.68 at /04X = 3, onlys 1% from the result of (8). (We
made a further comparative run with an extremely rough wave-
length mesh - DW(1) = 0.5, KG(1) =5, DW(2) = 1, KG(2) = 7 -,
but the other input unchanged; but the dose buildup factors
differed only by 12% in the average and 20% at most from

the above quoted B4T- results; in the water, most of the
buildup factors were too high, in the lead too low. The chan-
ges in the energy absorption and particle buildup factors

were considerably greater, at single points by factors about
33 but this is no wonder, since we reduced the number of
wavelength mesh points from 35 to 7, i.e. by a factor 5!)

Up to now, we have discussed only thin (slab or shell)ahd
monoenergetic sources; but in real shields we have sources
nearly everywhere, and in most materials they are polyenerge-
tic. So we choose asgs last sample a spherical shield with

inner radius 100 cm, followed first by 10 cm Pb, then by

7.5 cm Fe and finally by 340 cm HZO' The spatial step is

2.5 cm in Pb, 1.25 cm in Fe, and 20 cm in H,0 (option g MDZ
positive). Since we have 3 shells of 3 different materialsz

we put MST negative, so the program puts nth shell = nth mate-
rial, n = 1, 2, 3. Since the spatial steps are small in Pb

and Fe, we put there A(J,S): 0 (JS= 132), but A(3) = 0.09.

We define a thermal neutron flux flat in Pb (= 1013 n/omz/sec),
proportional to a hyperbolic cosine in the Fe, flat in the
first 20 cm H2O and then decreasing by a factor egnz7,4 on
each 20 cm. The capture gamma spectra are lumped together

in 4 groups ot 7.5; 63 4; and 2.3 MeV. From (3,p. 251)

we take the values of p. (Mat.,E)= probability that per avera-
ge neutron capture in the material Mat. a quant of energy E
MeV is emitted.
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Neglecting the capture gammas with E<1 MeV in iron we get
the values in the table

KV 1 2 3 4

E 7.5 MeV 6 MeV 4 MeV 2.3 MeV
p(Pb,E) 0.93 0.07 / /
p(Fe,E) 0.5 0.22 0.24 0. 1
P(Hzo;E) / / / 1.0

In order to get our needed input data GSQJS, KV), we must
multiply these p(Mat.,E) with the macroscopic capture cross
sectian}fc of Mat., i.e. 5.6.10—3/cm for Pb, O.206/cm for
Fe, and 0.022/cm for H,0. F.i. we get for the first layer
(Pb, Js =1)

65(1,1) = Z (Pb)x p(Pb, 7.5 MeV) = 5.2 . 1073 (em™')
65(1,2) =7 (Pb)x p(Pb, 6 MeV) = 4.0 . 107 (em™)

while GS(1,3) = GS(1,4) = O.

Only for the iron (]S = 2) each GS(2, KV) is positive, for
the water (}S = 3) only GS(3,4) = 0.022/cm does not vanish.
The wavelength mesh was chosen in such a way that the first
wavelength mesh points are not too far from the source ener-
gies.+ The option KOE =0 means a black-boundary condition

at the inner sphere, R = 100 cm; the angular source dependen-
ce was chosen isotropic, I2INT was put equal to zero, since
I2INT< O often gave too high results. As in all the other
samples, the pair production was néglected, i.e. CP = O,

+}’the cutoff lies at ~ 7 CU or E~T70KeV. The cutoff corrections
get a problem only for the particle fluxes (up to~80%) which
therefore are considerably unsure (at least in the water); for
the other energy integrals, all the corrections lie below 4%,
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Some final remarks: There exists another version of B4T with
15 angular, 24 spatial and 50 wavelength me®h points (the
published version has 9 resp. 39 resp. 51). - Program and
library are available at the ENEA Computer Programme Libra-
ry, Mr., J.Rosen, C.,C.R. Euratom Ispra,-

Finally, we found that it was useful to mark on the last
card of the total deck (in our case the 7/8 -card behind the
data) the sequence of the problem data input cards:

NRE, KTRG, IDR(1), IDR(2),...

Response fu. - mesh ? if NRE > O
" " wvalues, NRE %

NGE#M, NMG, CP, INDOUT
RHOS (1st material triplet)

" 2nd " "
" (NMG-th n " )

ANGLES

EV - Mesh

WL - Mesh

KOE, JMDZ, I2INT
OUT -PUT MESH
MST

R Dz

J B@UND

E TR
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ANG DISTR
JSQ QE

FS (J)
GS (1, KV) if JSQ <O

Gs (2, KV) i until
¢s (NS,kv) )
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Annex A : The Listing and Samples of B3P
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Annex 3B : The Listing and Samples of BAT
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3.5547E OC 4 2.2197E-G2 1.1133E-02 10 8.5654E-03 13 3.2311E;03 16 1.4278E~03
3 4.6493E-02 4 1.08G6E-02 3.7449(£~03 10 2.3854E-03 13 1.7052E~-03 16 1.0933E-03
¢ 3.8732E-03 4 1.5717E-C3 5.5588C-04 10 3.4912€E-04 13 2.5737E-04 16 1.6431E-04
> 3.6444E-04 4 2.3801E-04 T.5695E-05 10 4.9688E-05 13 3.6976E-05 16 2.3434E-05
6 3.7505E-05 .4 3.,5678E-05 1.1410E-05 10 7.0781E-06 13 5.3016E:b6 16 3.3431E-06
! 4, 1007E-06 4 5.2848E-06 1.6357E-06 10 1.0117€E-06 13 7.6130E-07 16 4.7851E°0?
8 4.6676E-07 4 T.7643E-07 2+3476E-07 10 1.4495€E-07 13 1.0946F-07 16 6.8656E-08
? 5.4605E-08 4 1.1347E-07 3.3731E-08 10 2.0807€-08 I3 1.5752E~08 - 16 9.,8669E-09
1o 6.5154E-~0S 4 1.6530E-08 4.8516E-09 10 2.9911€-09 13 2.2688E-09 16 1.4198€E-09
1 7.8921E-10 4 2.4034€E-09 6.9855€-10 10 4.3052E-10 13 3.2702€E-10 16 2.0453€E-10
12 9.6751E-11 4 3.49105—10 1.0068E-10 10 6.2020E-11 13 4.7147E-11 16 2.9464f—11
3 1.1978E-11 4 5.0688E-11 1.4515E~-11 10 8.8621E~-12 13 6.6659E:12 16 4.1284E-12
L« 1 1.4953€E-12 4 7.3603€E-12 1.9452E-12 10 7.4046E-13 13 3.1142E-13 16 1.3004E-13

66

ANGULAR FLUXES F(I,J¢K) (TRANSFOURMED) . .FOLLOWED BY THEIR INDEX TRIPLES I(ANGULAR),J(SPATIAL},K{WAVELENGTH)

0. 2 2 1 1.5141E 00 4 2 1 1.9765E-01" 6 2 1 1.5832€-01 8 2 1
2.0926E-04 2 2 4 1.2753E-03 4 2 4 1l.2622E-04 6 2 4 5.2765E-05 8 2 4
1.9277E-03 2 2 7 3.2702E-04 4 2 7 5.1997E-05 6 2 7 7.3062€-05 8 2 7
1.4696E-03 2 2 10 2.3047E-04 4 2 10 3.5785€E-05 6 2 10 2.9881€E-05 8 2 10
4,8969E-04 2 2 13 1.3358E-04 4 2 13 1.0810E-05 6 2 13 1.0132e-05 8 .2 13
1.9530E-04 2 2 16 T7.7063E-05 4 2 16 1.5153€E-05 6 2 16 1.1780E-05 8 2 16
0. 2 3 1 2.1831E-08 4 3 1 1.0863€-01 6 3 1 1.4329E~-01, 8 3 1
2.7438E-07 2 3. 4 2.38l4E-03 4 3 4 2.1175E-02 6 3 4 1.9916€E-02 8 3 4
l.4701E-04 2 3 7 1.9628E-03 4 3 7 4.4900E-03° 6. 3 7 T«3691E-03 8 3 7
8.0614E-04 2 3 10 1.4528E-03 4 3 10 l.6778E-03 6 3 10 1.5004E-03 8 3 10
1l.0454E-03 2 3 13 8.4195E-04 4 3 13 8.1341E-04 6 3 13 8.3593E-04 8 3 13
5.8658E-04 2 3 16 5.8183E-04 4 3 16 5.5846E-04 6 3 16 5.6058E~04 8 3 16
0. 2 4 1 3.0085E-16 4 4 1 5.9620E-02 6 4 1 1.29656-01 8 4 1
441691E-10 2 4 4 8.2909E-04 4 4 4 2.2831E-02 6 4 4 3.5963€E-02 8 4 &
5.0023E-05 2 4 7 1.8561E-03 4 4 7 4.8905E-03 6 4 7 6.1840E-03 8 4 7
6.9430E-04 2 4 1G 1.4125E-03 4 4 10 le7076E-03 6 4 10 1.8591E-03 8 4 10
1.0266E-03 2 4 13 8.2055E-04 4 4 13 8.3285E—04 6 4 13 9.5584E-04 8 4 13
5.8682E-04 2 4 16 5.7938E-04 4 4 16 5.7113E-04 6 4 16 5.8315€-04 8 4 16
0. 2 5 1 4.1459E-24 4 5 1 3.2720E-02 6 5 1 1.1731e-01 8 5 1
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