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ABSTRACT 

The FURNACE program system performs neutronic and photonic calculations 

in 3D toroidal geometry for application to fusion reactors. The geome

try description is quite general, allowing any torus cross section and 

any neutron source density distribution for the plasma, as well as 

simple parametric representations of circular, elliptic and D-shaped 

tori and plasmas. The numerical method is based on an approximate 

transport model that produces results with sufficient accuracy for 

reactor-design purposes, at acceptable calculational costs. The report 

gives a short description of the numerical method, and a user manual 

for the programs of the system: FURNACE, ANISN-PT, LIBRA, TAPEMA and 

DRAWER. 
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1. INTRODUCTION 

The FURNACE program system performs neutronic calculations in toroidal 

geometry for application to fusion reactor design problems. 

The system was developed to fill the need for a practical 3D neutronic 

design tool, that produces results with sufficient accuracy, for ac

ceptable calculational costs. 

With the exact three-dimensional Monte Carlo programs it is difficult 

to obtain spatial response distributions with sufficient statistical 

accuracy, whereas with the exact one-dimensional and two-dimensional 

discrete ordinates codes it is difficult to model the toroidal geometry 

of a fusion reactor. 

The numerical method applied in FURNACE is based on an approximate 

transport model that makes use of the fact that the dimensions of a 

fusion reactor are large compared to the migration lengths of the neu

trons and photons in scattering media. In short: the unscattered angu

lar fluxes inside the vessel are calculated with a ray-tracing method, 

then the scattered angular fluxes inside the vessel are calculated with 

an albedo method applying double differential albedos, and finally the 

scalar flux distributions in the surrounding blankets are calculated by 

integrating over radial flux kernels. The numerical calculations are 

performed in a poloidal toroidal mesh for a sector of the torus. The 

double differential albedos and flux kernels required are calculated 

with a special version of the ANISN program. 

The FURNACE program system ia at present used to perform calculations 

for the neutron diagnostics of JET and for the blanket design of NET. 

For the application to JET the accuracy of the method was checked by 

comparison with MORSE calculations performed in Harwell. 

This report will give a short description of the numerical method, and 

a user manual for each of the programs of the system. 
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2. NUMERICAL METHOD 

As mentioned In the introduction the numerical method is based on an 

approximate transport model. Therefore the transport model used and the 

assumptions on which it is based, will be treated first (part 2.1), 

next the angular discretization will be described (2.2). Then the nu

merical treatments will be given for the ray tracing (2.3) the multiple 

reflection (2.4) and the flux-kernel integration (2.5). Finally the 

calculation of the double differential Ibedos and flux kernels is 

described in chapter 2.6. 

2.1. T:»e approximate transport model 

The density of a fusion reactor plasma is so small, that for the neu

tron transport inside the the plasma chamber we may assume a vacuum. 

Therefore the integral transport equation for the unscattered (direct) 

angular flux at the vessel wall can be written as: 

fD (£) " Г s<P>dP (!) 
P о 

where p is the distance through the plasma from point P on the vessel 
wall along a line of sight in the direction ü. p is the distance at 

— w 
which this line intersects the vessel wall at the "other side", s(p) is 
the source density distribution along the line per unit volume and per 

unit solid angle. The angular flux ф is per unit area and per unit 
P 

solid angle. 
The integration in (1) Is performed numerically for a number of direc
tions Q, for a number of positions P on the vessel wall. This proce
dure, which Is called ray tracing [l], is exact, and the accuracy of 
the unscattered fluxes calculated therefore will depend only on the 
angular and spatial discretisation used. 
The neutrons and photons crossing the inner wall of the plasma chamber 
(the "first wall") are scattered in the surrounding media, and there
fore will partly scatter back into the plasma chamber. The fraction of 
neutrons (respectively photons) scattered back can be expressed in the 
form of double differential albedos, 
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A(E + E', £ + Й') = ф(Е',£')/•№,£) . (2) 

By using these double differential albedos to determine the fraction of 

reflected neutrons (or photons), it is assumed that the reflected par

ticle reenters the torus at the same position P on the reflecting sur

face where the original particle entered the scattering medium. There

fore using the albedo method implies that the migration of the parti

cles inside the scattering medium before they reenter the torus is 

neglected. This is acceptable as long as the dimensions of the plasma 

chamber are large compared to this migration length. So here we have 

the first condition for the application of our transport model, which 

is sufficiently met however due to the, otherwise unfortunate, large 

dimensions of toroidal fusion reactors. 

The reflected neutrons will travel along straight lines through the 

plasma chamber until they reach the vessel wall at the other side where 

they will contribute to the current of neutrons leaving the plasma 

chamber there. Thus 

ф(Е,Й',К') = ф(Е,П,Ю , (3) 

where 

R' = L(£,R) and £* = H(£,R) , (4a, 4b) 

expressing that the flux of neutrons entering the chamber at the wall 

position R̂  in the direction £ (with respect to the normal to the sur

face at R) will again leave the chamber at the wall position R_' in the 

direction £' (with respect to the normal to the surface at R_'). The 

functions L and H that correlate R_* and £' with R_ and £ by line of 

sight, are geometrical functions that depend on the shape of the torus. 

The values of H and L for the discrete values of £ and R_ are calculated 

by determining the intersection points of the corresponding lines of 

sight with the torus geometry considered. 

These geometrical calculations are exact, and therefore the accuracy of 

the discrete functions H and L will depend only on the angular and 

spatial discretization applied. 

Now using the double differential albedos A and the line of sight func

tions H and L iteratively the multiple scattered angular fluxes at the 
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vessel wall can be calculated throughout the whole energy range of 

interest. 

The accuracy of the scattered angular fluxes at the vessel wall thus 

obtained will depend on the validity of the basic assumption made, 

"that the torus dimensions are large with respect to the migration 

lengths of the back scattered particles", on the accuracy of the double 

differential albedos used, and on the angular and spatial discretiza

tion applied. 

Now realizing that the scalar flux distribution in the surrounding 

blankets is completely determined by the angular flux distribution at 

the vessel wall, the next step in deriving the approximate transport 

model is, to look for a way to derive this scalar flux distribution 

from the angular fluxes at the vessel wall without the need for a 

three-dimensional transport calculation. Now here again we can make use 

of the fact that the torus dimensions are large compared to the mean 

free paths of the neutrons and photons in the surrounding blankets. The 

torus is a large void inside a scattering medium, so that the poloidal 

and toroidal variation of the fluxes inside the surrounding scattering 

media is relatively small. In fact for a smoothly curved torus the 

lateral buckling is so small that the lateral diffusion of the neutrons 

and photons inside the blankets is a minor effect as compared to the 

radial diffusion, i.e. normal to the vessel wall. Therefore in our 

model we assume that the lateral diffusion inside the surrounding scat

tering media can be neglected. 

With this assumption the radial flux distribution, i.e. normal to the 

vessel wall, at wall position p can be written as: 

2it 

Fp(E,r) » ƒ dE' ƒ фр(Е\И) . (Кр(Е'*Е,г,П) . d£ (5) 
E' o 

where К is a radial scalar flux kernel, and the integration is perform
ed over the angles and energies of incidence on the vessel wall. The 
neglect of the lateral diffusion does not affect the neutron balance, 
but may cause a slight shift in the poloidal distributions of the 
fluxes in the blankets. This shift is almost absent in the front layers 
of the blankets as here the lateral transport of neutrons and photons 
is largely dominated by the streaming of neutrons through the empty 
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plasma chamber. This has been confirmed by the comparison of FURNACE 
results with results from MORSE calculations performed in Harwell for 
JET [2]. 
Deeper into the blankets, i.e. for larger values of r, this shift in 
the poloidal flux distributions may become apparent, but only if the 
aspect ratio otr the torus is small. 

The radial flux distributions in the blanket will be influenced by 
geometric attenuation. Therefore the flux kernels К in (5) will be a 
function of the curvature of the vessel wall at position P. To obtain 
flux kernels that are independent of the wall position P, the geome
trical attenuation is represented explicitely as follows: 

Kp(E'+E,r,£) =K(E'+E,r,fl) . Cp(r) , (5a) 

where К is the flux kernel for an infinite radius of curvature and 
С (r) is the geometric attenuation function that depends on the torus 
geometry. The discrete values for С (r) for the spatial mesh are cal
culated by the program (see Chapter 2.3) as the inverse ratio of the 
lateral mesh area at the radial mesh points r. to the mesh area at the 
vessel wall. Once the assumption is made that the lateral diffusion can 
be disregarded, no additional assumptions are required to obtain the 
geometric function С (r). 
The double differential albedos A and the flux kernels К as defined 
above can be calculated simultaneously with a one-dimensional discrete 
ordinates program. For each blanket configuration considered these 
calculations need only be performed once. 
As in our model the particle transport inside the plasma chamber is 
described by a line of sight method, we are completely free in the 
description of the torus geometry and of the poloidal-toroidal spatial 
mesh on the torus surface. In the FURNACE code the shape of the torus 
is specified by giving a polygon for the vertical cross section, and 
rotating that polygon around the main torus axis. The torus surface 
thus obtained then is subdivided in finite elements, each with a radial 
mesh into the blanket behind. 
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2.2. The angular discretization 

The anisotropy of the angular fluxes at the vessel wall is relatively 

weak. Therefore for the calculation of the double differential albedos 

and flux kernels with the one dimensional transport code AHTSN-FT, a 

symmetric quadrature set can be applied with a discretization as nor' 

mally applied for blanket calculations, i.e. S8 or perhaps S16, except 

that here we need a quadrature set for the whole unit sphere. For the 

ray tracing however a finer angular mesh is required especially if the 

spatial source density distribution for the fusion neutrons is sharply 

peaked (e.g. in case of low plasma temperature). The scanning of the 

vessel-wall surface for the calculation of the line of sight functions 

H and L (used for the multiple reflection calculation) must be 

performed in a finer angular mesh as well, especially if the torus has 

a small aspect ratio and/or a large elongation. 

Therefore, for the transport calculation inside the plasma chamber, the 

quadrature set used for the calculation of the albedos and flux kernels 

with ANISN has to be subdivided into a finer angular mesh. As the S 

quadrature sets are no subsets of each other, the finer mesh cannot be 

obtained by using a higher S quadrature set. Therefore a modified 

quadrature set is used, which we will call F , that corresponds to the 
n 

S set, except that now the unit sphere is subdivided by meridians and 
n 

parallels (see Figures la and lb). Now the areas belonging to the angu

lar directions in the F quadrature set can be subdivided into a arbi

trary number of fine mesh areas each with its own angular direction by 

just drawing a number of additional meridians and parallels on each of 

these areas. This fine mesh we will call F where m is the number of 
n 

fine mesh intervals on each area of the F set. 
n 

To preserve the neutron balance in our transport calculations the 
transformation of the quadrature set from S to F and from F to F , 

^ n n n n' 

should be performed such that the diffusion theory condition is pre

served. 

That is, for each of these quadrature sets it should hold that 

M 
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where a, is the area on the unit sphere belonging to angular direction 

£1 and u is the direction -osinus of SL. with respect to the radial 

axis (i.e. normal to the surface), and the index M is a sequence number 

for the directions with the indices k, i in Figure 1. 

This has been achieved as follows. For the F quadrature set we define 

p as the p values of the parallels that subdivide the unit sphere. 

Thus the area of level к on the unit sphere is given by 

Wk = \ ' wk-l ( 7 a ) 

where u, ж 0 and p ,„ , • 1 M1 n/2+1 
Now the diffusion theory condition (6) can be fulfilled independently 
of the choice of the p, values by defining v? as the average value of 
p2 on level k: 

y2 . I /p2dp . f^-j^) I i\-\_J , (7b) 

where the integral is over the interval P.,» p, . 
Then the F quadrature set is adapted to the S quadrature n n 
quiring that the second moments for each level к are equal 

•k" ul ' 4 (8) 

к к 
where p and w are the cosines and level weights of the S set. s s _ n 
By using the condition (8) in (7b) the p^ values now are defined: 

"k = yk-l + V • wsb <9) 
к к 

Further the level weights w are subdivided into the weights p. for 
the discrete directions (k,i) in the same ratio as in the S -set: 

n 
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Pki - • \ , - ^ • <1 0> 
ki sk 

Thus for the azimuthal angles of the meridians we have 

• k , i = v i-i+ u - \ f i
, v \ • < l 0a> 

Further the <b, , values for the discrete directions are defined as the rk,i 
average value of ф in the azimuthal intervals: 

•k,i- K , i + V i - i> <10b) 

m The fine mesh F is obtained from F by subdividing the levels к into m 
fine mesh levels of equal area: 

1 -
w *6k = vl - \-l' Ü\ " yk-l} ( U ) 

Here again to fulfill the diffusion theory condition y2, is defined as 

the average value of \i2 on level i: 

"5 • Kl" i i ^ t - VIÏ
 (12) 

Finally the fine mesh meridians are drawn equidistantly 

( i M ' *M-l> * i<*M - *k,i-l> <13> 

so that 

P A j * ~2 P k > i . with *6k and j 6 i (14) 

It should be noted that the coupling of the S and F quadrature sets 
n n 

by the expressions (8) and (10) is not very strong. In effect the p 
and w. values are not necessarily identical to the и and w values к s. s. 

к к 
respectively. The user is free in choosing the S quadrature set with
out disturbing the neutron balance of the FURNACE calculation. 
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Figure la : F and F discret izat ion 
— e n n 

/ 

Figure lb: S discret izat ion —B n 
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Figure lc; Angular coordinate system used by FURNACE, ft is normal to 

the vessel wall, and p and t are the poloidal and toroidal 

direction respectively. 
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2.3. The ray tracing 

As mentioned already, the ray tracing simply implies the numeric inte

gration of the fusion neutron source distribution along the lines of 

sight in a series of angular directions for a series of positions on 

the plasma-chamber wall. 

To simplify Che ray-Cracing procedure in Che exisCing FURNACE code, Che 

condicon was incroduced Chat the fusion neutrons are emitted by the 

plasma isotropically. For plasmas with neutral beam injection this 

assumption is not completely correct however, and therefore it may be 

abandoned in a later version of the program. 

Starting from an analytic distribution function for the neutron—source 

density in the plasma, a discreCe source distribution is derived, in 

which the plasma is subdivided in a number of source regions of con

stant source strength S . 

Thus the line integration (1) reduces to the calculation of the inter

section points of the lines of sight with the source region boundaries, 

the calculation of the track length £ in each source region, and the 

summation over all source regions: 

VSp-St, j) - I V q (15) 

The integration is performed for the directions in the fine angular 
m 

mesh F • Apart from the source isotropy condition, the accuracy of the 

integration will depend on the number of source regions specified. 

From these angular fluxes the scalar fluxes and currents are calcu

lated: 

V V - = P*J • V R P ^ ( J ) (16a) 
*t J 

where the summation is performed for all angles with positive у value 
(i.e. for all outward directions). 
There is a problem here however. The definition of the discreCe 

directions П , and Cheir cosines и by p • /<u2> in ChapCer 2.2 is 
-1,1 1 1 
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based on the assumption that the angular fluxes concerned, in first 
order are linear in ц, i.e. ф(ц) « ф0 + ф^и* 
This does not hold for the unscattered fluxes however. 
Therefore to obtain correct values for the currents J we have to use 
<U> instead of of /<u2> in (16b): 

^ > = v - è Ï * ^ ' i 4 + ïw (17) 
1 * ^ - i 

A consequence of the application of the ray-tracing method is that the 

conservation of neutrons and photons is not automatically fulfilled, 

but depends on the number of discrete directions applied. Therefore a 

neutron-balance correction is introduced: 

b = S/E Jn(Rp)AUp (18) 

where S is the neutron yield of the plasma and the summation is over 

the torus surface, i.e. Z AUp = U is the torus surface area. The ray 
P 

tracing is concluded by multiplying the unscattered angular and scalar 

fluxes and currents with this correction factor. In practice the value 

of the fine mesh parameter m is determined by the required numerical 

accuracy for the scalar fluxes at the vessel wall, which by our experi

ence always results in a very small neutron balance correction. 

The ray tracing as described, can be applied to any geometry. The 

FURNACE program, designed for calculations in toroidal geometries, 

assumes that the vessel wall and the plasma have rotation symmetry 

around the main torus axis. Therefore the unscattered fluxes ф_ are 
calculated for wall positions on one vertical torus cross section only. 
The analytic model for the source density distribution of the fusion 
neutrons used to define the source regions and discrete source den
sities S is not described here. The source model is not considered as 

q 
a part of the numerical model. The source model applied in this version 
of the FURNACE program, in subroutine SOURCE, is described in detail in 
[З]. The subroutine SOURCE can be considered as a user routine that can 
be adapted (see Chapter 4.5 user instruction B). 
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2.4. The multiple reflection calculation 

The calculation of the multiple reflected fluxes at the plasma chamber 
wall takes place in a similar way as the transport calculation in a S 
code, where here the double-differential albedos play the role of the 
scattering kernel. 
To obtain the reflected fluxes (i.e. the inward directed fluxes) at the 
wall positions P, the outward directed fluxes at these positions are 
required. These outward directed fluxes at the positions P are partly 
originating directly from the plasma and partly from reflected neutrons 
at wall position P' at the "other Fide" of the lines of sight. There
fore the multiple-reflection calculation is an iterative process. 
The albedos applied are double differential, that is they ar» a func
tion of the energy and angle of the reflected neutrons. Therefore we 
have a "self-reflection" component where the reflected and incident 
particle (i.e. neutron or photon) are in the same energy group, and a 
"down-reflection" component where the reflected particle is in a lower 
energy group than the incident particle. 
Thus if ф is the flux after N iterations, we can write 

<J>N(G,M,P) - ф (G,M,P) + T{R(G,M',P') + I A(G+G,M"*M',P') . 
M" 

. «^(G.M-.P') , (19) 

where for the "down reflection" component we have 

G-l 
R(G,M\P*) - Z I A^'+G.M'+M'.P') . ф(С',М",Р') (19a) 

G'-l M" 

In the latter expression the ф(С,M",P')'e are the iterated fluxes of 
the higher energy groups calculated before. The double differential 
albedos A at the vessel wall depend on the blanket configuration 
behind, and therefore are a function of the wall position. 
As indices we have the energy group G, the direction M in the angular 
mesh, and the position P on the vessel wall. 
M" and M' are the directions of incidence and reflection respectively 
at wall position P'. The operator T signifies that the coordinates 
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M',P' are transforaed to the coordinates M,P by line of sight using the 
discrete functions H and L as defined in Chapter 2.1. The coordinates 
of the points of intersection of the lines of sight vith the wall sur
face that are required to calculate H and L, are by-products obtained 
during the ray-tracing. Therefore H and L are calculated as part of the 
ray tracing process and stored in a "napping"* array, which then is 
consulted during the multiple reflection calculation. 
The equations (19) are solved in the saae fine angular aesh F , that is 
used for the ray tracing. The double-differential albedos used, are 
obtained in the coarse S aesh (see Chapter 2.6). Therefore we have to 
specify the relation between the fine aesh angular fluxes and the 
coarse aesh angular fluxes, which is not as siaple as it looks. To 
begin with, the double differential albedos are derived froa the 
angular "fluxes" at the left boundary of the first radial aesh in the 
AN1SN calculations. Now these angular "fluxes" are not really fluxes, 
but angular currents at the interval boundaries divided by the 
corresponding у values, which is not the saae for a finite quadrature 
set (i.e. finite n in S n): 

ƒ vHv)dv I I udu Ф ƒ *(y)dy / ƒ dti (20) 
Aft Дй ДА ЛП 

Therefore to use this type of double-differential "flux" albedos we 
have to define the angular "fluxes" in the F aesh in the saae way, 
i.e. as the current divided by the average у value. For the incident 
angular flux in the direction k,i in the F quadrature set we thus 
have: 

^ * J « ' \ • ^ \ , . i . i 'ч"»-»+ч <2Ia) 

where the + signifies that the flux is in a direction with positive у 
value and u - ̂ (y^ + w ^ ) * 

We thus have for the reflected angular flux in direction k',i* (ne
glecting the energy dependency for the moment): 
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£•!• - л мк'1*к,'г> - С 
k,i 

(22) 

where A_ is the albedo function in the F angular mesh. We now have to 
subdivide this reflected angular flux into angular flux values in the 

m fine angular mesh F . The only simple way to do this is to assume that 
in each angular interval k,i the angular flux IF constant, thus: 

ф- » <Г (21b) 

This therefore is the additional assumption required to perform the 
m multiple reflection calculation in the fine angular mesh F using 

double-differential albedos in het F angular mesh. 
n 

Finally the double differential albedos A in the S angular mesh, as 
s n 

derived from the ANISN calculations have to be corrected for the fact 
that the u values used in the F mesh are not necessarily identical 

ak 
with the us values used in the Sn calculation of the albedos: 

AF(k,i*k',i') - ~^- . As(k,i+k',i') . ̂  (23) 
V sk 

Taking the above into account, the equation (19) to be solved must be 
written as follows: 

фМ(С,Мш,Р) - ф0(С,Мш,Р) + T{R(G,M',P') + Z^ Ар(С*С,М"«М\Р') . 
M 

. фН"1(С,И-,Р')} (24a) 

where: 

G-l 
lUG.M'.P') - E A_(G,*G,M"*M^P,) ф (G'.M-.P') (24b) 

G'-l F 

and 
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,V",P> " VT „*« V * • • 4 " <"<> 
m m 

and 

V 4-
ApCG'^G.M'^M'.P') - — 2 _ . As(G,^G,M"^M,,P')—^- (24d) 

\' s 4" 
ш The angular index M refers to the fine aesh F , and the angular index ш n 

N refers to the coarse aesh F . 
n 

The careful definition of the angular currents and fluxes was required 
to obtain the correct total currents at the vessel wall: 

J+(G,P) « I p» . и . ф+(С,М,Р) (25а) 
M ^ aM 

J-(G,P) - I pM . я . <T(G,M,P) (25b) 
M M ^ 

where the indices +/- signify that the flux or current is for posi
tive/negative u value. As inside the plasaa chamber no absorption or 
scatter processes occur, it should hold for each energy group that the 
total outward current (i.e. the outward current integrated over the 
torus surface) is equal to the total inward current. 
However as the multiple reflection calculation is performed by a line 
of sight method, this requirement of conservation of particles is not 
automatically met, but depends on the number of discrete angles and 
wall positions applied. Therefore here, as in the ray tracing, a bal
ance correction is required: 

E J-(G,P) . AUp 
bR ( G ) " E J+(G,P) . AU ( 2 6 ) 

P 

For each energy group the multiple-reflection calculation is concluded 
by multiplying all outward fluxes and currents with this correction 
factor b_(G). 
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Here the same holds as was said for the balance correction b on the 
unscattered fluxes (in Chapter 2.3): the corrections normally are very 
small. 
As convergence criterion for the iterative solution of (24a) we use 

|ф(С,Р)Ы - ф(С,Р)М_1| / ф(С,Р)Ы < EPSN (27) 

for all positions P on the vessel wall. 
Here <J>(G,P) is the total scalar flux obtained by summing the angular 
fluxes in the fine mesh grid: 

ф(С,Р) - L p . ф(С,М ,Р) (27а) 
M m m 

It should be mentioned here that the multiple reflection calculation 
converges much faster than normally 1з the case for a multiple-scatter 
calculation with an S transport program. Therefore no method to im
prove the convergence has been developed so far. 
The multiple reflection calculation as described, can be applied to any 
geometry. As already mentioned in Chapter 2.3 the FURNACE program as
sumes rotation symmetry around the main torus axis for the plasma and 
for the vessel wall. The blanket configurations covering the vessel can 
be different for different poloidal and toroidal regions of the torus 
surface however. This does not affect the calculation of the unscat
tered fluxes (Chapter 2.3). In the multiple reflection calculation how
ever it must be taken into account that the different blanket configu
rations will have different albedos. Therefore in FURNACE the equation 
(24) is solved for a torus sector, bound by two vertical planes through 
the main torus axis, which are assumed to be symmetry planes. 
Thus the index P in the above equations refers to mesh points in a 
poloidal-toroidal mesh on the first-wall surface of a torus sector, 
i.e. P = (IPP.ITP), where IPP and ITP are the poloidal and toroidal 
coordinates respectively (see Figure 5 of Chapter 4.5). 

2.5. The flux-kernel integration 

The radial-flux distributions in the blankets around the torus are 
calculated by a simple integration over the flux kernels K: 



- 24 

G 
F(G,I,P) - C(I,P) . Z l ф(С',М',Р) . К (G'^G.I.P.M') (23) 

G*»l M' 

For the indices we have the energy group G, the radial mesh I in the 
blanket, the wall position P = (ITP.IPP) and the coarse mesh angle M. 
The summation is over all directions of incidence and over all energies 
of incidence that contribute to the scalar flux F in group G. 
The flux kernels are calculated simultaneously with the double differ
ential albedos in the S -quadrature, and therefore require a correction 
for application in the Fn quadrature (as in expression (24d)): 

u 
V 

^(G'^G.l.P.M') - Ks(G'*G,I,P,M') . — (28a) 
V 

As explained in 2.1, C(1,P) is the geometric attenuation factor, 
defined as: 

C(I,ITP,IPP) = U (1TP.IPP) / U(I,ITP,IPP) (28b) 
о 

where U and U are the lateral areas of the spatial mesh intervals at 
the vessel wall and at the radial position I respectively. 
The conditions required to obtain accurate results with this flux-ker
nel integration method is, as already discussed in Chapter 2.1, that 
the lateral buckling of the scalar fluxes In the blankets is small. 
This normally is the case for a smooth curved torus surface. If sharp 
edges in the geometry occur however, the blanket fluxes calculated for 
the areas near those edges, should be interpreted with some care. 

2.6. The calculation of the albedos and flux kernels 

The double-differential albedos and flux kernels, defined in the fore
going chapters are calculated with the one-dimensional discrete 
ordinates program ANISN, in slab geometry. As the angles of incidence 
are in one hemisphere and the reflection angles are in the other hemis
phere the transport calculations have to be performed over the whole 
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unit sphere. In existing 10 (cylinder geometry)- and 2D transport pro
grams the calculations are performed over the hemisphere and therefore 
only require the real components of the associated spherical harmonics 
[4]. For the calculations over the unit sphere the imaginary components 
are required as well. 
If the polynomials are normalized according to [4], that is if we 
have: 

+1 л 
P£(U) - E Pj(5) • РЯ

Ш(П) (29) 
m»-£ 

where 

Pj(0) - R*(0) + i • I°(£) (29a) 

and the conjugate complex 

***W = *£<£> - *-i"(n) • (29b) 

and \s ш cos 0, with the polar angle 0 (see Figure 2), then we can write 
for the real and imaginary parts of the spherical harmonics development 
of the angular fluxes: 

f*,m(G) " (2* + 1} L PM*M ( G ) R* (V (30a) 

fï,m(G) " "(24+1) Z *H *VL<G)im№? (30b) 
M 

where the p are the weights of the directions ft.. M -TI 
Using this development, the scatter term D in the transport equation 
[5] becomes: 

L 2 D(GfB) - £ Z (G»+G)/2 . f(G') + Z Z * , L,(C»-KJ) . 
G» G' £-1 l% l * 

m«l 
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with 

^(С'*С) &+1 
2 

1 
ƒ I(u)P.(u)du 
О * 

(31b) 

To enable the calculation of the double differential albedos and flux 
kernels with the AN1SN-PT program, a geometry option has been intro
duced using slab geometry and angular quadrature in the unit sphere. 
In that case the program prepares both the real and the imaginary com
ponents of the associated spherical harmonics R. and I., and uses the 
expressions (30) and (31) for calculation of the scatter term in the 
transport equation. 

Figure 2: Angular coordinate system used in ANISN. X is the calculation 
direction. 
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3. DESCRIPTION OF PROGRAM SYSTEM 

The FURNACE program system consists of the programs FURNACE, ANISN-PT, 

LIBRA, TAPEMA and DRAWER. ANISN-PT and TAPEMA are modified versions of 

the corresponding codes in [5] the other codes are newly developed. In 

Figure 3 the information flow between the different programs is given 

schematically. The cross-section data base can be any formatted mate

rial-organized library accompanied with a retrieval program to trans

form the library into a binary material-organized library in a form 

that can be read by TAPEMA and ANISN-PT. In Figure 3 the EPR-library 

[6] is given as an example, as that library is often applied for fusion 

reactor studies. 

Apart from its normal application, ANISN-PT is used to produce the 

multiple angular flux and scalar flux files NAF and NT, for fhe blanket 

configurations used. The NAF- and NT-files are organized into a blanket 

library FLF by the program LIBRA, that also maintains that library. The 

FLF—library contains double differential albedos and flux kernels for a 

number of blanket configurations. Using the FLF-library, FURNACE cal

culates the neutron flux distribution in toroidal reactor geometry, and 

then calculates reaction-rate distributions, using reaction cross sec

tions from input or a group-organized cross-section library. The 

results are stored on the FURR-file. The plotter code DRAWER uses the 

DISSPLA system [7], and has various options for plotting radial 

toroidal and poloidal flux and reaction-rate distributions and flux 

spectra from the FUF.R-files produceo by FURNACE. In addition DRAWER can 

plot data read from input. 

There are different possibilities for handling the cross sections. 

TAPEMA can read cross sections from two material-organized binary li

braries (LIB) and from the input file simultaneously. Reaction cross 

sections in "activity table" format, retrieved for example from the 

MACKLIB-library [8], can be introduced into the input file for TAPEMA, 

and combined into one library with transport cross sections from the 

LIB-files. 

ANISN-PT can use either a material-organized LIB-library together with 

cross sections from input, or can use the group organized library CRS 

produced by TAPEMA. By flux weighting with ANISN-PT a condensed 
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group—cross-section library CRSW can be obtained that is either mate

rial organized or group organized. The production of the NAF- and NT-

files with ANISN-PT can be performed with either of the libraries men

tioned. FURNACE reads reaction cross sections from the input file and 

from a group-organized library. 

A more detailed description of the different propgrams can be found in 

the next chapters, that contain a user manual for each program, with 

instructions to facilitate their application. 
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Figure 3: Data flow in FURNACE system 
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4. FURNACE USER MANUAL 

4.1. General program description 

FURNACE performs neutron and photon transport calculations in toroidal 

geometries, for application to thermonuclear reactors. As described in 

Chapter 2, the particle transport inside the toroidal vacuum vessel is 

described with ray tracing and double differental albedos, whereas in 

the surrounding blankets flux kernels are applied. In Chapter 2 also 

the accuracy of the method and its range of applicability are discuss

ed. The vertical cross sections of plasma and torus are described with 

polygons, which offers a large flexibility in the geometry description. 

The program uses a library of double differental albedos and flux ker

nels FLF, produced by the program LIBRA (Chapter 6) and reaction cross 

sections from input and or from a group organized library CRS as pro

duced by TAPEMA (Chapter 7). The calculated fluxes and reaction rates 

are stored on the file FURR, used by the plotter program DRAWER (Chap

ter 8). 

4.2. Disc files required 

Input files: 

TAPE 8 : FLF-file, albedo- and flux-kernel library produced by LIBRA 

TAPE 9 : CRS-file, group-organize J cross-section library produced by 

TAPEMA or ANISN-PT 

Output files: 

TAPE 12: FURR-file, output file containing scalar fluxes, currents 

and reaction rates, used by the plotter program DRAWER 

Temporary files: 

TAPE 10: ray mapping table 

TAPE 11: first-wall fluxes 

TAPE 13: reaction rates in blankets 
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4.3. Input format 

Except for the first record for the problem title, all variables and 

arrays are read in as list directed input (READ*, io list). The first 

three of these records contain integer and real variables, then a num

ber of integer and real arrays follow. Irrespective of its dimensions, 

each array is read as one single record, thus a two- or three-dimen

sional array with in total N elements can be filled with zeros by writ

ing N*0.0/. 
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4.4. Input FURNACE 

I TITLE (format 8A10) 

II INTEGER-VARIABLES (READ*, io list) 

a. mode of calculation 

LIN memory space available for block request (J)*. 

if LIM < 0 only the input data are printed and no calcula

tion is performed 

IST1 1/0 , yes or no direct flux calculation (A) 

IST2 1/0 , yes or no scatter flux calaculation (A) 

IST3 1/0 , yes or no blanket flux calculation (A) 

IST4 1/0 , yes or no reaction rate calculation (A) 

b. problem dimensions 

ISYM 1/0 , torus mid plane is yes/no symmetry plane for plasma 

and torus (B,C) 

if ISYM=1 all input refers to the upperhalf of torus 

and plasma 

NTOR number of sectors in which the torus is subdivided 

(if NTOR'O symmetry around the main torus axis is assumed) 

(C) 

IFGR first energy group of calculation 

ILGR last energy group of calculation (ILGR < NGR) 

NSCT maximum number of reflections calculated by REFLECT (F) 

ML(1),ML(2) two fine mesh options for the ray tracing (D) 

NST number of contour lines for description of fusion source 

(B) 

NCIT number of poloidal mesh regions (each corresponding with a 

side of the first wall polygon (C) 

NTIT number of toroidal mesh regions (if NTIT < 0 the toroidal 

mesh regions are torus sectors) (C) 

NCIS maximum number of sides of the polygons that describe the 

source contourlines (C) 

NPP total number of poloidal mesh intervals (C) 

*The capitals between () refer to the user instructions, see page 37. 
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NTP 
MMAP 
NBT 
NIL 

N11 
NRM 
NX 

total number of toroidal mesh intervals in sector (C) 
index for aperture angle (E) 
number of blanket regions (C) 
number of reaction cross section sets taken from CRS-libra-
ry (H) 
number of reaction cross-section sets given by input (H) 
number of reaction mixes defined in MIX-table (G) 
maximum number of reaction isotopes in the mixes specified 
in the MIX-table (G) 

с library dimensions 

MTP 
IHM 
ISN 
NGR 
NBL 
IMM 

IZM 

number of cross-section sets on CRS-library (H) 
table length in CRS-library (H) 
angular quadrature of FLF-library (I) 
number of energy groups on FLF-library (I) 
number of blanket configurations on FLF-library (I) 
maximum number of radial mesh points of blanket configura
tions on FLF-library (I) 
maximum number of radial zones of blankets on the FLF-
library (I) 

d.out£ut 

NPRT 

NPLT 

IFIL 

1/0 , yes or no printout of angular first-wall fluxes (K) 

number of vertical torus cross sections to be plotted 

serial number on FURR-file (K) 

e* ^es£.Br*n..?P£*9ne 

ITST - 0: no test printout 

1: printout of geometry and mapping arrays 

2: extensive printout for testing of raytraclng performed 

in DIRECT (K) 

3: printout of double differential albedos read from FLF by 

REFLECT 
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H a . TEST PRINTOUT RANGE ^READ*io list} 

1XPB, IXPE 
IXMB, 1XME 
IXSB, IXSE 
if ITST Ф 2 these variables are not used. 
if ITST-2 test printout will be given for poloidal positions 1PD, fine 
angular mesh directions МММ, and toriodal surfaces ISF, in the ranges: 
IXPB < IPD < IXPE 
IXMB «. МММ < IXME 
IXSB < ISF < IXSE 

III. REAL VARIABLES (READ*, iolist) 

EPSN convergence criterion for multiple scatter calculation (F) 
PFUS fusion power assuming DT plasma (MW) (with negative sign, 

neutron yield of plasma in s"1) 
RT major torus radius (in m.) (C) 
AT horizontal torus radius (in m.) (C) 
ВТ vertical torus radius (in m.) (C) 
CT triangularity of torus (steradians) (C) 
RP major plasma radius (in m.) (B) 
ZP vertical plasma shift (B) 
AP horizontal plasma radius (in m.) (B) 
BP vertical plasma radius (in m.) (B) 
CP triangularity of plasma (steradians) (B) 
EPK exponent e , for plasma peaking (B) 

pk 
ESH radial plasma shift parameter с (В) 
SCLE scale of geometry plot of plasma and blanket (cm/m). If 

IST3 is not executed only the plasma and first wall 
geometry are plotted. If IST3 is executed the blanket 
geometry is plotted as well. 

RMX maximum R value for geometry plot (m) 
ZMN minimum Z value for geometry plot (m) 
ZMX maximum 2 value for geometry plot (m) 
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IV. INPUT ARRAYS (READ*, io list) 

1 NCS(NST) nuaber of sides of the polygons used as source 

region boundaries (B) 

2 S(NST) source density distribution in arbitrary units, 

only if AP - 0.0 (B) 

3 RC(NCIM+1,NST) coordinates of polygons used as source-region 

4 ZC(NCIM+1,NST) boundaries (in aeters) with respect to plasma centre 

(RP.ZP), only if AP-0.0 (B) 

5 RCT(NCIT+1) coordinates of the poloidal aesh region boundaries 

6 ZCT(NCIT+1) i.e. the corners of the first-wall polygon (in 

aeters) with respect to the torus centre (RT, ZT), 

where ZT»0, only If AT-O(C). 

? TAU(NTIT+1, toroidal coordinates of aesh region boundaries in 

NCIT+1) radians, only if NTOR * 0. If NTIT < 0 the region 

boundaries are sector boundaries, so that only 

TAU(NTIT+1) is required as input (C) 

8 NPD(NCIT) nuaber of aesh intervals in the poloidal aesh 

regions. The sua aust be equal to NPP(C) 

9 NTD(NTIT) nuaber of aesh intervals in the toroidal aesh 

regions, only if NTOR * 0. The sua aust be equal to 

NTP(C) 

10 L(NPP) fine angular aesh option (1/2) for each poloidal 

aesh interval. L - 1/2 refers to ML(1)/ML(2) (D). 

11 IBT(NTIT,NCIT) torus zone nuaber for each toroidal/poloidal-aesh 

region (C) 

12 IBL(NTIT,NCIT) the FLF-library nuabers of the blanket 

configurations used in the toroidal/poloidal-aesh 

regions (C,I) 

13 ITPL(NPLT) toroidal mesh regions for which a vertical torus 

cross section has te be plotted (only if NPLT * 0) 

14 EN(NGR) average energy in ev of energygroups, for 

calculation of first-wall energy currents 

15 SPEC(NCR) fusion neutron source spectrua, noraalized to 1 

16 NU(NTH) cosines of angular directions, NTH-ISN/2 (D) 

17 P(MMH) weights of angular directions, MMH-ISN*(ISN+2)/4 (D) 

NOTE; If no reaction rates are calculated, IST4 * 1, 

reading of input stops here 
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18 MAT(NIL) 

19 IHR(NIL) 

20 CRR(NGR,NII) 

21 AD(NIT+1, 

IZM.KBL) 

22 IRTA(NRM) 

23 MIX(NX,NRM) 

24 WR(NX,NRM) 

aaterial number on the CRS-library for each reaction 

isotope, only if NIL * 0 (H) 

table position on the CIS library for each reactions 

isotope only if NIL * 0 (H) 

reaction cross sections by input in barns, only if 

Nil * 0 (H) 

atonic densities in 1024 cm"3, for the NIL+NII 

reaction isotopes, specified per radialzone per 

blanket configuration present on the FLF-library 

(G) 

reaction type for each nix IR (G) 

reaction isotope mixing table for each mix IR (G) 

weights of aix components (N,IR),(G) 

V. STRING INPUT (READ*, 'string'. ) 

NAME(NIT) name for each reaction isotope, to be used in the 

print output (K). 

Maximum 10 characters for each name. 



- ?7 -

4.5. User instructions for FURHACE 

These instructions are refered to in the input description 

A. Performance of the calculation in steps 

B. Description of fusion neutron source 

C. Description of first-wall and blanket 

D. The angular quadrature 

E. Model for penetration leakage 

F. Convergence and neutron balance 

G. Calculation of reactions rates 

H. Reaction cross section input 

I. Use of the albedo and flux-kernel library FLF 

J. Memory space and tiae requirements 

K. Output 
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Л. Performance of the calculation in steps 

A complete FURNACE-calculation consists of the four folioving steps: 
STEP 1. Calculation of the unscattered angular fluxes at the first-vall 

(subroutine DIRECT) 
STEP 2. Calculation of the scattered angular fluxes at the first vail 

(subroutine REFLECT) 
STEP 3. Calculation of the scalar flux distributions in the surrounding 

blankets (subroutine BLANKFL) 
STEP 4. Calculation of reaction rates in the surrounding blankets (sub

routine BLANKRR) 

Sometimes it may be usefull to split up the calculation in two or sore 
jobs. For example in the folioving cases: 
a. For the same plasma and torus geometry different blanket configura

tions are being studied. As about half of the calculation time is 
used for the unscattered flux calculation (step 1), it will be cost 
saving to perform the first step separately. Then a number of jobs 
can follow, each consisting of steps 2, 3 and 4, for the different 
blanket configurations. 

b. A complete calculation (step 1, 2, 3 and 4) has been performed but a 
number of extra reaction rate distributions are required. In this 
case only step 4 has to be repeated for the new reaction rates. 

The mode of calculation is given by the input variables IST1, IST2, 
IST3 and IST4. For example if for these variables ve have: 0,0,0,1 than 
only the last step vill be performed. 

If ve only want to test the input data then the variable LIM is given 
with a negative sign, In that case all preparations prior to the actu
al calculation will be performed and a geometry plot produced (the 
latter if NPLT * 0). 

If the calculation is split-up into a number of jobs, then the tempo
rary files, that pass information from one step to the next step, must 
be kept and assigned to the different jobs. The disc files required for 
the different steps are given in the following table: 
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step 1 
step 2 
step 3 
step 4 

libraries 

TAPE 8 

FLF 

R* 
R 

TAPE 9 

CRS 

R 

"temporary" files 

TAPE10 

MAPF 

W* 
R 

TAPE11 

FLUX 

W 
RW 
R 

TAPE13 

BLRR 

WR 

output 
file 

TAPE12 

FURR 

W 
W 
W 
RW 

* R denotes that the file is read, W denotes that the file is 
written. 

The disc files TAPEll and TAPF.12 are extended in succesive steps. 
Therefore care must be taken in the job control cards that this is 
possible. 

B. Description of the fusion neutron source distribution 

The easiest way to specify the source distribution is by using the 
parameters RP, ZP, AP, BP, CP, EPK and ESH in part III of the input. 
The subroutine SOURCE then will use these parameters to calculate the 
discrete source distribution that is required in the arrays S, RC and 
ZC If the parametric equations, for the sou ribution, that are 
used in SOURCE are not appropriate for the p!ii .der consideration, 
the discrete source distribution can be specified by entering the ar
rays S, RC and ZC by input in part IV. The program is informed that the 
latter option is chosen by putting AP*0.0. 
For the description of the source density- \ tuition in subroutine 
SOURCE the following parametric equations а* ed: 
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r(a,o) - a.cos (a + СР. sin a) + ESH.AP (1-а2/АР2) (Bi) 
z(a,a) = а.E . sin a 
s(a) = (l-a2/AP2)EPK, 

where the parameter a varies from 0 to it, and the parameter a from 0 
to AP. The parameter a is the horizontal radius of the contour lines 
with constant source strength. AP and BP are the horizontal and verti
cal plasma radius respectively, CP is the triangularity, ESH (=e) is 
the radial plasma shift and EPK is the source peaking parameter. 
Further the ellipticity is given by E - BP/AP. 

From this analytic source density distribution the subroutine SOURCE 
produces a discrete source distribution as follows. NST source regions 
are formed by defining NST contourlines with horizontal radii a(i). 
These contourlines are chosen such that equal source strength intervals 
are obtained s(a(i))-s(a(i-l)) = As(i) = constant. For the most inner 
and most outer source regions half the interval is used (1/2 As). Then 
the averag:, source density for each source region is calculated and 
stored in the array S(i). The contourlines a(i) then are approximated 
by polygons, such that the areas remain the same. The coordinates of 
the polygons then are stored in the arrays RC and ZC. The number of 
sides used for each polygon is specified by the user in the array 
NCS(NST). RC and ZC are measured with respect to the plasma centre line 
RP,ZP. With RP and ZP the position of the plasma inside the toru* can 
be specified. 
Finally the discrete distribution obtained is normalized to the fusion 
power or the total neutron yield as required. 

As will be clear from the parametric equations (Bl), with this source 
model distributions can be produced that are symmetric with respect to 
the plasma centre and that have a circular, elliptic or D-shape cross 
section. 
Other source distributions (symmetric or nonsymmetric) can be obtained 
of course by adapting the subroutine SOURCE. Anisotropic sources are 
not allowed however, as the numerical treatment assumes an isotropic 
source. 
One might prefer however to write a separate program *-.hat produces the 
arrays S, RC and ZC. This program than should produce these arrays in a 
format that can be readily inserted into the input file for FURNACE. 
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Further the source regions must be numbered from the outside to the 

inside of the plasma, and the sides of the polygons must be numbered 

anti clockwise starting at the outboard side. See Figure 4. In case of 

symmetry with respect to the midplane (ISYM*1) only the RC and ZC val

ues for the upper part are required. Further it must be noted that RC 

and ZC are measured with repect to the plasma centre line RP, ZP, where 

ZP is measured from the torus midplane. 

RP 

IC=1 

* plasma 
midplane 

torus 
midplane 

Figure 4: Numbering of source contour lines 
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С. Description of first wall and blanket 

The torus geometry is defined by specifying the first-wall geometry. 
There are no restrictions with respect to the geometry of the first-
wall except that it should be a closed surface with rotation symmetry 
around the main torus axis• 

If the torus is a simple symmetric surface with circular, elliptic or 
D-shaped cross-section, it can be described by using the parameters RT, 
AT, ВТ and CT in input part III. Subroutine SOURCE then will produce a 
polygon with NCIT sides that fits these parameters. See also user in
struction (B). The coordinates of the polygon are stored in the arrays 
RCT and ZCT. The polygon is rotated around the main torus axis, which 
results in a torus surface composed of the curved surfaces of truncated 
cones. 

Other torus geometries can be obtained by altering the subroutine 
SOURCE, or if the torus geometry is too complicated, by directly read
ing the RCT and ZCT arrays from input. By putting AT=0.0 the program is 
informed that RCT and ZCT will be given by input. 
The sides of the polygons must be numbered anti-clock wise starting at 
the outboard side. 
In case of symmetry with respect to the midplane (ISYM=1) only the RCT 
and ZCT values for the upper part are required. RCT and ZCT are mea
sured with respect to the torus centre line RT, ZT, where ZT=0 (see 
Figure 5a). 

It must be noted that the coordinates RCT and ZCT will determine the 
direction cosines of the normal to the first wall surface. Inaccurate 
values of RCT and ZCT therefore will cause irregularities in the poloi-
dal flux distributions. Therefore it is advised to avoid the use of 
hand calucalated RCT and ZCT values, and to use computer calculated 
values where possible. 

The toroidal angle of the torus sector is т « 2n/NT0R, where NTOR is 
s 

given by input. A top view of a possible sector is given in Figure 5b. 
If NTOR»0 rotation symmetry around the main torus axis is assumed, in 
which case the fluxes are calculated in one vertical torus cross sec
tion only. Therefore in that case no toroidal mesh specification is 
required. We now define po^oidal and toroidal mesh regions on the firat 
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wall, each with an equidistant poloidal and toroidal mesh respectively. 
The poloidal mesh regions are identical with the NCIT truncated cone 
surfaces of the first wall* Therefore they need not be specified sep
arately. The boundaries of the NTIT toroidal mesh regions are specified 
by giving toroidal coordinates at each of the truncated cone boundaries 
TAU(IT,1С),IT=1,NTIT+1,IC=1.NCIT+1. 
It is allowed to have toroidal mesh regions with zero toroidal width. 
In Figure 5b for example for IC=4 the toroidal mesh regions IT=2 and 
IT=4 have zero toroidal width. This is achieved by using the same 
toroidal coordinates for neighbouring toroidal region boundaries in the 
TAU array. 
The toroidal mesh region boundaries are defined as the intersections of 
the truncated cone surfaces with vertical planes passing through the 
toroidal coordinates specified. 
A simplified option (NTIT < 0) is included, that only requires one 
toroidal coordinate for each toroidal mesh region TAU(NTIT+1). In this 
case all toroidal mesh region boundaries are intersections with ver
tical planes passing through the main torus axis (each region forming a 
sector of the torus surface). 
The number of equal mesh intervals for each of the poloidal mesh 
regions is specified in the array NPD(NCIT), and for the toroidal mesh 
regions these are specified in NTD(NTIT). Using these specifications a 
poloidal toroidal mesh (ITP,IPP) on the first wall is drawn. The ray-
tracing process will be easiest if the mesh cells are 'rectangles', 
i.e. if their poloidal and toroidal boundaries intersect at right 
angles. Therefore, as the poloidal mesh-interval boundaries will be 
horizontal circles lying on the truncated cone surfaces, the toroidal 
mesh-interval boundaries should be intersections with vertical planes 
that pass through the main torus axis. Therefore the equidistant 
toroidal-poloidal mesh cells that follow from the users specification, 
as is shown in the example given in Figure 5b, are approximated by 
'rectangles', so that the actual mesh used by the program will have a 
saw-tooth appearance. The accuracy of this approximation will depend on 
the number of mesh intervals specified by the user in the NPD- and NTD-
arrays. The torus positions P, refered to in Chapter 2 are the mid 
points of these cells. The torus sector thus is subdivided in 
NTIT*NCIT elemental torus areas, which then are combined into torus 
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zones, by specifying zone numbers in IBT(NTIT.NCIT). The blanket con

figurations for the torus elements are specified in IBL(NTIT,NCIT) with 

their sequence number on the FLF-library. The radial mesh- and radial 

zone specifications of the different blanket configurations are read 

from the FLF-library. The torus will be covered with these slabwise 

blanket configurations in accordance with the specification in the 1BL 

array, so that behind each torus element a blanket element is formed. 

The boundaries of these blanket elements are defined as follows. In the 

vertical torus cross section lines are drawn from each corner of the 

first-wall polygon, such that they cut the angles between the adjacent 

truncated cone surfaces in half (see Figure 5a). These lines are ro

tated around the main torus axis, to form the poloidal boundaries for 

the blanket elements. The poloidal boundaries for the spatial mesh 

intervals inside the blanket units are drawn such that for all radial 

mesh intervals 1M an equidistant poloidal mesh is obtained. 

The toroidal mesh boundaries are vertical planes through the main torus 

axis matching the toroidal mesh specified for the first wall. There

fore, if the toroidal mesh on the first wall has a saw-tooth appear

ance, the toroidal boundaries of the blanket elements will have a saw

tooth appearance as well. 
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CL I 

Figure 5a; Vertical cross section of blanket with poloidal and radial 
mesh, for the upper half of a torus. 

IPP 

8 7 6 5 4 3 2 1 1С 

Figure 5b; Top view of the vessel wall with poloidal and toroidal mesh 
for a torus segment. 
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D. The angular quadrature 

The angular quadrature applied in FURNACE is somewhat different from 

the quadrature normally applied in Sn—calculations (See Figure 6). 

The unit sphere is subdivided by meridians and parallels, as this 

enables subdivision of the angular mesh in an arbitray number of fine 

mesh intervals, as is required for the ray-tracing scheme. 

This quadrature must be coupled to the Sn-quadrature used for calcu

lation of the double differential albedos with the ANISN-PT code. We 

therefore have ISN/2 levels (K=l,ISN/2), with ISN-2K+2 discrete direc

tions in the quadrant for level K. The coupling of both quadratures is 

taken care of in the way described in Chapter 2.2. 

In the input the angular cosines MU(NTH) for the levels and the angular 

weights P(MMH) for a quadrant should be given in the sequence as 

illustrated in Figure 6 for S8. Here NTH = ISN/2 and 

MMH = MMT/2 = IS*(ISN+2)/4. In the figure, the direction iï normal to 

the torus surface, the poloidal direction p and the toroidal direction 

t are indicated. The values of the cosines and weights should be in 

accordance with the cosines and weights used in the ANISN-PT run that 

produced the double differential albedos and flux kernels. See Chapter 

5.5, user instruction Y3. It must be mentioned that for the ANISN-PT 

input the weights are normalized over half the unit sphere, whereas for 

the FURNACE input the weights should be normalized over a quadrant of 

the unit sphere. However FURNACE renormalizes the weights given in the 

input array P(MMH), so that the ANISN-PT normalisation can be used here 

as well. The complete set of NNT angular cosines and weights for half 

the unit sphere that are required by FURNACE, is obtained from the set 

given by input for a quadrant, by mirroring it towards the other 

quadrant. 

In our calculations we have used a symmetric quadrature set, but other 

cosines and weights can be applied, provided that the diffusion theory 

condition is fulfilled: 
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For the ray-tracing the areas p. . are subdivided in шг equal fine mesh 
areas: 

'w-jVi' (D2) 

with corresponding angular cosines (see Chapter 2.2) 

Two values of m can be specified by input, m, = ML(1) and m_ = ML(2). 
so that two fine mesh spacings are available. For each poloidal mesh 
(IPP=1,NPP) we can choose one of these m-values, in the array L(NPP): 
L(IPP)=1 will result in the use of mi=ML(l) in poloidal mesh IPP, and 
L(IPP)=2 will result in the use of m2=ML(2). This option has been in
troduced as poloidal regions more distant from the plasma require a 
finer angular mesh than poloidal regions more near to the plasma. 
Therefore by using two different values for m the computation costs can 
be reduced. 

Figure 6: S8 example of numbering of discrete directions as used for 
FURNACE input. 
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E. Model for penetration leakage 

The code assuaes that the first wall is a closed toroidal surface cov
ered by blanket regions that reflect neutrons. A simple model has been 
introduced to take into account the streaming of neutrons through pene
trations. The positions of the penetrations are marked in the array 
IBL(NTIT.NCIT), that specifies the blanket configurations (from the 
FLF-library), by adding a negative sign. Each mesh region IT, 1С for 
which IBL(IT,IC) < 0 is assumed to be part of a penetration. 

Now for the penetrations an aperture angle 0 with respect to the 
normal (n) is defined that has the following effect for regions where 
IBL(IT.IC) < 0: 

Neutrons entering with an angle 0 < 0 will be lost (through the pene-
ap 

tration), and neutrons with an angle 0 > 0 will find the normal blan-
ap 

ket configuration as specified /IBL(IT.IC)/. Therefore the blanket is 
still there but only scatters and captures neutrons with an angle of 
incidence 0 > 0 . The aperture angle is specified with the input vari-ap 
able КАР (see Figure 6). This effects that all neutrons for levels 
К > КАР are assumed to be lost. 
This model was introduced as a means to take neutron streaming through 
penetrations into account in the calculation of effective tritium 
breeding ratios. The model should not be used to calculate local 
fluences near penetrations, without careful consideration. 

F. Convergence and neutron balance 

In subroutine DIRECT the direct (unscattered) angular fluxes at thr 
first wall are calculated. After that the scattered angular fluxes at 
the first wall are calculated in an iterative process in subroutine 
REFLECT. The direct and scattered angular fluxes then are added, giving 
the total angular fluxes at the first-wall. 
For the scattered flux calculation convergence is obtained when the 
maximum variation of the total scalar fluxes at the first wall is 
smaller than EPSN, were EPSN is given by input. The number of itera
tions performed is restricted by the input parameter NSCT. 
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The line of sight method used to calculate Che firsc-vall angular 
fluxes, only guarantees an exactly correct neutron balance for an in
finitely fine angular- and space-mesh. Therefore a neutron balance 
correction is applied in DIRECT and REFLECT (see also Chapters 2.3 and 
2.4). 

+ 
In DIRECT the angular direct fluxes are multiplied with b - S/L, «here 
S is the total neutron yield of the plasma and L is the direct (out
ward) current integrated over the first-wall. The value of b is print
ed. 

In REFLECT the outward scattered angular fluxes are multiplied with 
b * Lr/1*»» w h e r e Lo i s th* first-wall integrated inward (reflected) 
К К К К 
current and L+ is the first-wall integrated outward current of scatter
ed neutrons. The neutron balance correction b is printed for each 
energygroup together with the maximum flux variation reached. 

G. Calculation of reaction rates 

As was mentioned in (A) a calculation with FURNACE is performed in a 
number of steps, that can be executed in separate jobs. Of these the 
last step takes care of the reaction rates in the blankets. 

Reaction rates may be needed with different normalization and or dif
ferent conversion factors. Therefore different reaction types have been 
defined that are relevant for thermonuclear reactors (Table Gl). Fur
ther weighted sums of reaction rates may be needed. For example the 
total tritium breeding ratio, the gas production etc Therefore in the 
input a number NRM of reaction mixes can be specified. 
For each mix the reaction type, as selected from table Gl, can be spe
cified in the array IRTA(NRM). The isotopic composition of each mix can 
be specified in the array MIX(NX,NRM) and the corresponding weights in 
WR(NX,NRM). Here NX is the maximum number of reaction isotopes used in 
the mixes. The reaction isotopes are specified in MIX according to 
their sequence numbers in the CRX-array, I»l, NIT. See user instruction 
H. The Isotopic reaction rates per reaction and per reaction mix are 
multiplied with the atomix densities AD, as specified per blanket zone 
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in the input, to produce voluaetric reaction rates for all aeshpoints 

(IM.ITP.IPP) in the blankets. 

For each aeshpoint in the blanket we thus have: 
ILGR 

isotopic reaction rate : R(I) - [ FLUX (IG).I.CRX(IG.I) 
IG-IFGR 

vuluaetric reaction rate 

for aix component (N,IR) : RR(N.IR) « CF(IRT).WR(N,IR).AD(I).R(I) 

voluaetric reaction rate 
NX 

for mix IR : RT(IR) - £ RR(N,IR) 
fi«l 

where I - MIX(N.IR), IRT - IRTA(IR) 

with N - l.NX and IR - l.NRM 

The conversion factors CF(IRT) used are given in Table Gl. For reaction 

types IRT > 6 the RR values as given above, are divided by the total 

atoaic density for the aeshpoint AD(NIT+l), to obtain appo- or dpa-

values. 

Finally the voluaetric reaction rates in the aeshpoints (IH,ITP,IPP) 

are integrated over the radial blanket zones IZ, over the torus zones 

IB and finally over the whole torus. For the reaction types IRT > 6 the 

voluae integrated reaction rates are devided by the respective volumes, 

resulting in voluae averaged reaction rates. 

All reaction rates calculated for the mix components and the mixes, are 

printed out, with a header specifying the reaction type and for each 

reaction isotope the text introduced in the 'string' array NAME(NIT). 

Thus it is possible to print out the 6Li and the 7Li contributions to 

the tritiua breeding ratio, as well as the total tritium breeding 

ratio. An other possibility is to print out the heat production due to 

neutrons and due to photons separately and in addition the total heat 

production. The latter output is obtained by specifying the keraafac

tors in MIX as follows: 

the neutron kermas for IRT * 2, the photon kermas for IRT • 3 and both 

neutron and photon kermas for IRT*4. 

If one is interested in the reaction rates of the mix only, then the 

printout of the reaction rates for the mix components (N,IR) can be 

suppressed by specifying them in the MIX array with a negative 

sign. 
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The conversion factors specified in Table Gl need some further explana

tions: 

- For IRT-1 the tritium breeding ratio is normalized by deviding by the 

total current of fusion neutrons on the first vail J (integrated 

over the vhole torus surface). For a correct calculation J is equal 

to the total neutron yield of the plasma. 

- For IRT»2, 3 and 4 the conversion is from ev/s to MW, assuming that 

the kerma factors applied have the dimension barn.ev. 

- IRT»5 vith conversion factor CF«1 can be used if none of the other 

reaction types are applicable (e.g. if detector responses are calcu

lated). In that case the conversion factors required can be incorpo

rated into the veights VR (N,IR). 

- The reaction types 6 up to 9 are normalized per atom. Therefore the 

total atomdenslties are required here. These are given as the last 

element (NIT+1) of each row in the array AD. 



Table CI. Reaction types 

IRT 

1 

2 
3 
4 
5 
6 
7 
8 
9 

reaction type 

tritium breeding per 
fusion neutron 
heat production by neutrons 
heat production by photons 
heat production (n+y) 
reaction rate 
displacement rate 
H -production 
H -production 
transmutation rate 

units* 

3 
m~" 

MV.nT3 

MW.aT3 
MW.m~3 
s-1..-3 

dpa/year 
appm/year 
appm/year 
appm/year 

conversion 
factor Cf(IRT) 

1 
Jt 

1.602И-25) 

1.0 
3.1536<-17) 

3.1536(-11) 

* for the reaction rates in the meshpoints (IM.IP) 
** J is total wall integrated current of fusion neutrons 

H. Reaction cross-section input 

Reaction cross sections can be read from the cross section library CRS 
(TAPE9) and or from the input file. The CRS-library must be a binary-
group-organized library in the format as produced by the program TAPEMA 
or by ANISN-PT (see Chapters 7 and 5). For each reaction cross section 
to be read from CRS the material sequence number and the table position 
must be given in the arrays MAT and IHR respectively. 

The cross sections read from CRS and the cross sections read by input 
in the arrays CRR are placed sequentially in one array CRX(NGR.NIT), 
where NIT»NIL+NII. In CRX the first cross section sets 1-1, NIL are the 
cross sections read from the CRS-library, and the following sets 
I-NIL+1, NIT are the cross sections read from input. 



- 53 -

The same sequence numbers I are used in the array AD where the atomic 

densities have to be specified* These atomic densities are only used 

for calcul? .ion of the reaction rates. For I=NIT+1 the total atomic 

density for the zone IZ is required in AD, which is used for the cal

culation of averaged reaction rates per atom (G). 

In our calculations it has become practice to use a cross section li

brary, that contains the reaction cross sections needed for the FURNACE 

calculations, as well as the transport cross sections needed by ANISN-

PT for production of the albedo and fluxkernel file FLF. The first 

materials then contain the reaction cross sections in the form of "ac

tivity-tables" (in the same manner as used in the MACKLIB-library [4]), 

and the following materials contain the transport cross sections. The 

activity tables are placed In the first materials, so that FURNACE 

needs only to read these first materials. 

The use of such a combined library has the following advantages: 

a. Before applying FURNACE, preliminary calculations in infinite cylin

der geometry can be performed with ANISN, using the same cross sec

tion library. 

b. If group condensation he transport cross sections is required to 

reduce the computing costs for the production of the FLF-library, 

the group condensation of the reaction cross sections required for 

FURNACE can be performed at the same time. ANISN-PT has an option 

for group condensation of activity tables and transport cross sec

tions simultaneously (see Chapter 5). 

I. Use of the albedo and fluxkernel library FLF 

The FLF-library on TAPE8 is a group-organized library containing the 

double differential albedos and fluxkernels for a number of slabwise 

blanket configurations. The double-differential albedos and the flux-

kernels are calculated by the ANISN-PT program as will be described in 

Chapter 5. The angular-fl ux files NAF and the scalar flux files NT 

produced by ANISN-PT for the different blanket configurations are 

transformed into the group-organized by the processing code LIBRA, that 

will be described In Chapter 6. 

The array dimensions on the library will depend on the number of blan

ket configurations NBL, the angular quadrature ISN, the maximum number 



- 54 -

of radial meshpoints IMM and radial zones 1ZM of the different blanket 

configurations. Therefore these dimensions are required in the FURNACE 

input. For the specification of the blanket configurations, for the 

torus zones in IBL(IT,IC) in input part IV, the sequence numbers of the 

blankets on the FLF-library should be used- The format of the FLF-

library is described in Chapter 6. 

J. Memory space and time requirement 

The program uses variable array dimensions. Therefore the memory space 

required will depend on the problem. FURNACE will print the memory 

space required by each step of the calculation (see A) and the total 

block length that will be requested. Therefore it is sufficient to run 

FURNACE with LIM < 0 to obtain the memory space required for the pro

blem at hand. 

A large part of the memory space required is used for the ray-mapping 

array IXAR (M2.MMT, NTP.NPP) that is produced in step 1 and is used in 

step 2. It may require 10.000 up to 100.000 words, depending mainly on 

the fine mesh spacing used. To prevent memory space exhaustion the 

array IXAR can be stored piece-wise on the disc-file TAPEIO, each piece 

containing the information for NH wall positions. NH is calculated 

using the input variable LIM that specifies the maximum space available 

for the CM-block (1 < NH < NTP*NPP) 

The c.p.time consumed is printed after each step. Step 1, in which the 

uncollided neutron fluxes on the first-wall and the ray mapping array 

IXAR are calculated, may consume more than half of the running time. 

There fore it may be useful to store the results produced in step 1 (on 

TAPE 11), as already explained in A. 

The fine mesh parameters ML(1) and M2(2) should be chosen with care as 

they largely determine the running costs for steps 1 and 2. 

K. Output 

The scalar fluxes at the first-wall and in the blankets are always 

printed. The printout of the angular fluxes at the first-wall is op

tional (NPRT - 0/1). All reaction rates for the mix-components and 
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mixes are normally printed, except if NRM=0. The printout of the reac

tion rate for one or more mix-components can be suppressed by specify

ing them in the MIX-array with a negative sign (see also user instruc

tion G). 

The calculated scalar fluxes and currents at the first-wall, and the 

calculated scalar fluxes and reaction rates in the blankets are placed 

on a binary file FURR(TAPE12). This file is used by the plotter program 

DRAWER, as will be described in Chapter 8. The results of different 

FURNACE runs can be placed sequentially on one FURR-file. In that case 

the sequence number IFIL has to be given in the input. The dimensions 

of the FURR file are determinded by the input variables NTP, NPP, NBL, 

IZM, IMM and NGRC, where NGRC=ILGR-IFGR+1. The format of the FURR-file 

and its application are described in Chapter 8. 

Error conditions may occur during the process of ray-tracing (subrou

tine DIRECT), that will result in error messages and termination of the 

calculation. The subroutines performing the ray-tracing are tested 

thoroughly, to prevent occurence of such a situation. However as there 

is a large freedom in defining the torus and plasma geometry, there is 

no guarantee that error conditions will not occur. If they occur please 

contact the author of the FURNACE-code. Of course users with program

ming experience might use the test print-out option ITST=2 to find the 

cause of the error conditions themselves. 
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5. ANISN-PT USER MANUAL 

5.1. General program description 

ANISN-PT is a modified version of ANISN-Fontenay [5], in which the 

following options have been introduced: 

- The execution of a series of transport calculations for a sequence of 

shell sources in an internal loop to produce the left boundary angu

lar flux fil3 NAF and the scalar flux file NT, required by the LIBRA 

code for production of the double differential albedo and flux kernel 

library. 

- The geometry option IGE=4 has been introduced to perform calculations 

in slab geometry for all angular directions on the unit sphere, as 

required for the production of the NAF and NT files. 

- Several modifications have been introduced in the program to reduce 

the calculation time required for the production of the angular flux 

and scalar flux files (NAF and NT). The production of these files is 

rather time consuming, and therefore the obtained improvement of a 

factor 2 is worth while. 

- To reduce the costs for the production of the NAF and NT files fur

ther, the ANISN-PT program has been adapted to the CRAY computer. 

- The program has been modified such that for energygroups that have a 

zero total source (external + downscatter) no transport calculation 

is performed. 

- In case of group condensation of cross sections, options are introdu

ced to produce the condensed library in unformatted group organized 

form (TAPEMA format), and to condense a library that contains trans

port cross-section tables as well as "activity" tables [8]. 

All modifications in the program have been introduced such that the 

normal input and the normal operation of the program are retained. In 

Chapter 5.4 the normal ANISN Input description is given, extended with 

the description for the options introduced in ANISN-PT. To distinguish 

them, the latter are printed in heavy type. 
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5.2. Disc files required 

Input files: 

TAPE10 : CRS-file, unformatted material organized cross-section 
library (if ID2«0) or unformatted group organized cross-
section library in TAPEMA format (if ID2=1) or weighted 
material organised cross-section library (if IFG=2) 

Output files: 

TAPE11 

TAPE12 

TAPE13 

: CRSW-file, weighted cross sections produced in material 
organized format (ITAP=0) or in group organized format 
(ITAP=1)(M) 

: NT-file, unformatted scalar flux and reaction-rate file 
(ITH Ф 2), or unformatted flux-kernel file (if 
ITH=2)(Y4) 

: NAF-file, unformatted left boundary angular flux file 
(if ITH=2)(Y4) 

Temporary files: 

TAPE1/TAPE2 : scratch files , for storage of fluxes and currents (if 
IDAT1=2) 

TAPE3/TAPE4 : scratch files for storage of cross sections and source 
(if IDAT=1, 2) 

5.3. Input format 

The subroutine FFREAD has been introduced, so that the input can be 
read in fixed-field and free field FIDO format. For the description of 
these formats see ref. [l0]. For detailed instructions for normal 
application of the ANISN program we refer to [5J and [9]. 

5.4. Input ANISN-PT 

a. LIMI format (6X, 16). The number of locations available for ANISN 
data. (X) 

b. Title format (12A6) 
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с. Parameters 
15$ Integer parameters 
1. ID problem ID number 
2. ITH 0 - forward solution (P) 

1 - adjoint solution 
2 - albedo and flux-kernel calculation (Y) 

3. ISCT maximum order of scatter found in any zone 
4. ISN order of angular quadrature (G) 
5. IGE 1 - slab; 2 - cylinder; 3 - sphere; 

4 - slab and angular quadrature in unit sphere, required 
if ITH-2 (Y3) 

6. IBL left boundary condition (A) 
0 - vacuum (no reflection) 
1 - reflection 
2 - periodic 
3 - white/albedo 

NOTE : if ITH-2 use IBL-0 
7. IBR right boundary condition, same options as IBL 
8. IZM number of zones or regions 
9. IM number of mesh intervals 

10. IEVT eigenvalue type (P) 
0 -
1 -
2 -
3 -
4 -
5 -
6 -

NOTE : 

fixed source 
к calculation 
a calculation 
concentration search 
zone width search 
outer radius search 
buckling search 
if ITH-2 use IEVT-0 

11. IGN number of energy groups calculated 
NOTE : if a group organized library (TAPEMA-format) is used 

IGM can be smaller than the number of groups on the 
CRS-library 

12. IHT position of a , in cross-section table 
total 

13. IHS position of о (self-scatter) in cross-section table 
gg 

14. IHM length of cross-section table 
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18. 

19. 

20 . 

2 1 . 

22 . 

MT 

1DFM 

IPVT 

IQM 

IPM 

t< 

0 

1 

0 

1 

2 

0 

1 

0 

15. MS cross-section mixing table length (10$, 11$ 12*) 
16. NCR number of cross-section sets to be read from cards (14*) 
17. MTP number of cross-section sets to be read from tape (13$) 

total number of cross-section sets (elements + mixtures) 
- density factors (21*) not used 
- density factors used (E) 
- no effect (P) 
- enter ко as PV (16*) 
- enter OQ as PV 
- no effect 
- enter distributed source (17*) 
- no effect 

1 - enter shell source by group and angle (18*) 
1M — enter shell source by interval, group, and angle 

23. IPP interval number which contains shell source if 1PM = 1; 
0 — otherwise 

NOTE: if ITH-2 use 1PVT-0, IOJH-0, IPM-1 and IPP-1 (Yl) 
24. IIM inner iteration maximum 
25. ID1 0 no effect 

1 - print angular flux 
26. ID2 0 - no effect 

1 - use specially prepared group-independent cross-
section tape in TAPEMA format (contains MTP 
materials), see chapter 7 

2 - use cross sections and fixed source from previous 
problem 

27. ID3 0 - no effect 
N - compute N activities 

28. ID4 0 - print N activities per zone 
1 - print N activities per interval and per zone 

NOTE : the definition* of ID3 and ID* are slightly 
changed. Further If ITH-2 the parameter* ID3 and IDA 
are Ignored and no activities are calculated (T6) 

29. ICM outer iteration maximum (if IEVT-0 use ICM-1) 
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30. IDAT1 0 - all data in core 

1 - cross sections and fixed sources stored on tape 

2 - fluxes and currents on tape also 

31. IDAT2 0 - no effect 

1 - execute diffusion solution for specified groups 

(24$) 

NOTE : if ITH-2 use IDAT2-0 

32. IFG 0 - no effect 

1 - flux weight cross sections and store on TAPE11 

{27$ and 28$}.(M) 

2 - read weighted cross sections from material organized 

from TAPE10 

- step model used when linear extrapolation yields 

negative flux (mixed mode) 

- use linear model only 

- use step model only 

- enter fission guess (2*) 

- enter flux guess (3*) 

- use fluxes from previous case 

NOTE : if ITH-2 use IFN-1 (Y5) 

- print cross sections 

- do not print cross sections 

- calculate PL scattering constants (Legendre coef

ficients) 

1 - read P L constants from input (34*) 

16* Floating point parameters 

1. EV first guess for eigenvalue 

2. EVM eigenvalue modifier 

3. EPS epsilon - accuracy desired (R, T5, Y6) 

4. BF buckling factor, normally 1.420892 (S) 

5. DY cylinder or plane height for buckling correction 

6. DZ plane depth for buckling correction 

7. DFM1 transverse dimension for void streaming correction (T) 

8. XNF normalization factor (U) 

9. PV 0.0,ko, or a0 according to IPVT » 0, 1 or 2 

3 3 . 

3 4 . 

35 . 

36 . 

IFLU 

IFN 

IPRT 

IXTR 

0 

1 

2 

0 

1 

2 

ÏVT1 
Ш1 

0 
1 
0 
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10. RYF A2 relaxation factor, normally 0.5 (R) 

11. XLAL point flux convergence criterion if entered greater than 

zero 

12. XLAH upper limit for 1.0 - Xj used in linear search (V) 

13. EQL eigenvalue change epsilon (V) 

14. XNPM new parameter modifier (V) 

NOTE: The above data is followed by a T 

d. Cross sections (ID2 = 0) 

13$ Library ID numbers [MPT] {МТР > 0} 
14* Cross sections [MCR X IGM X IBM] {MCR > 0} (C) 

NOTE: If entered, the above data is followed by a T. 

e. Fixed Source {iEVT = 0 and ID2 < 2} 

17* Distributed source [iGM x IMJ {iQM =1} (H) 
18* Shell source [iGM x IPM x mJ^IPM > 0} (H, Yl) 

NOTE: If ITH-2 the shell sources required in the first inter
val (IPP-1) are generated internally and therefore the 
18* array need not be entered in that case. 

NOTE: If entered, the above data is followed by a T. 

f. Flux or fission guess {IFN < 2} 
2* Fission density [iM] {iFN =0} 
3* Flux guess [IGM * IM] {IFN = l} (Y) 

NOTE: If entered, the above data is followed by a T. 

g. Remainder of data 

1* Fission spectrum [iGM] (normalized to 1) 
4* Radii by interval boundary [iM + l] 

NOTE: If ITH-2 use a small value for the first interval (e.g. 
10-«») (Y2) 

5* Velocities [iGM] 
6* Angular quadrature weights [MM] (G, Y3) 

For the definition of MM see NOTE on next page. 
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7* Angular quadrature cosines [MM] (G, Y3) 
NOTE: MM = ISN+1 for plane or sphere (IGE-1 or 3) 

MM = (ISN * (ISN+4))/4 for cylinder (IGE=2) 
MM1- (ISN * (ISN+4))/2 for plane in 

4*(IGE - 4) 

*For IGE=4 the calculations are performed for all 
directions on the unit sphere IS*(ISN+3). 
The cosines and weights need only be given for the 
hemisphere however. 

8$ Zone numbers by interval [iMJ 
9$ Material numbers by zone [iZM] (D) 
10$ Mixture numbers in mixing table [MS] {MS > 0} (B, D) 
11$ Component numbers in mixing table [MS] {MS > 0} (B, D) 
12* Number densities in mixing table [MS] {MS > 0} (B) 
19$ Order of scatter by zone [iZM] {ISCT > 0} 
20* Radius modifiers by zone [iZMJ {iEVT = 4} 
21* Density factors by interval [iMJ {IDFM =1} (E) 
22$ Material numbers for activities [lD3] {ID3 > 0} (D, J) 
23$ Cross-section table position for activities [lD3] {lD3 > 0} (J) 
24$ Diffusion calculation markers [ТОМ] {IDAT2 = l} (L) 
25* Albedo by group - right boundary [тем] {IBR = 3} (A) 
26* Albedo by group - left boundary [iGM] {IBL - 3} (A) 
27$ Few group parameters [7] (IFG=1, ITH * 2) (M) 
1. ICON 0 - no effect 

1 - micro cross sections desired 
2 - macro cross sections desired (minus implies cell 

weighting) 
2. IHTF position of a . in weighted cross sections 
3. IHSF position of о weighted cross sections (minus implies 

О О 

upscatter removal) 
4. IHMF table length of weighted cross sections 
5. IPRW 0 - no effect 

1 - print weighted cross sections 
6. ITAP 0 - weighted cross sections placed on material orga

nized library, on ТАРБ11 
1 - weighted cross sections placed on g*oup organized 

library (TAPEMA-format), on TAPE11 
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7. ICOS 0 - correcties of self scatter сгом sections 
1 - no such correction 

27$ paraaeters for albedo and flex-kernel calculation (ITH-2, 
1ГСФ1) fTl) 

1. IEB first energy group of incidence calcnlated 
2. 1ST last energy gronp of Incidence calcnlated, 1ST < IGM 
3. IAT nuaber of discrete angles of incidence calculated 
4. IP1A 0 - print iteration nonitor and suaaury tables for 

systen only (i.e. no flaxes printed) (T6). 
1 - nomnl print and in addition print of the left 

dary angular flaxes (T6) 
ROTE: By introducing IAT-O, internally IAT will obtain the 

default value required for a coaplete albedo calculation 
i.e. (ISff+2)*(ISR+2)/16 (T4) 

NOTE: the 27$ array has a different application depending on 
the inputparaaeters ITH and IFG 

28$ Few group nunber for each nultigroup [IGM] {IPC * l} (M) 
34* PL scatter constants [JT x MM] {IXTR » 1} 

NOTE: The above data is followed by a T. 
NOTE: JT - ISCT for plane or sphere (lGE-1 or 3) 

JT - (ISCT * (ISCT + 4))/4 for cylinder (IGE-2) 
JT - (ISCT*(ISCT+3))/2 for plane with quadrature in 

unit sphere (IGE-4) 
JT is truncated to the next lower integer for IGE«2 when 
ISCT is odd. 

5.5. User Instructions for ANISN-PT 

In the input description (Chapter 5.4) the user instructions are refer
enced by capitals between brackets, (A) etc. 
Here only those instructions are given that are altered or added to 
explain the extra options in ANISN-PT. For other instructions we refer 
to the Fontenay report [5] or the ORNL-report [9], which are 
sufficiently well known. 
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M. Weighted cross sections 

Noraally the cross sections that are flux weighted by ANISN, are stored 

on a material organized CRSU-library on TAPEll(IFG-l). For use of the 

CRSU-library in a next ANISN-PT run (IFG-2) it should be placed on TAPE 

10. 

If group organized cross-section libraries (TAPEMA form) are used with 

ANISN, it may be practical to obtain the weighted cross sections in 

that format. Therefore the option ITAP-1 in 27$ has been introduced to 

produce the weighted cross sections on TAPE11 in the group organized 

form. 

The use of "activity" tables, for example from the MACLIB-library [8] 

and transport cross-section tables (instruction C) in the same library, 

inhibitted flux weighting. Therefore in ANISN-PT an option has been 

introduced to make flux weighting of such combined libraries possible. 

The program then should be informed which material numbers refer to 

"activity" tables. This is being done by introducing them in the 11$ 

array of the mixing table with a negative sign (instruction B). 

For example: 10$ 11$ 12* 

M -N 1.0 E-10 

In this case N is known by the program to be an "activity" table. Then 

if IC0N*1 in 27$, the "activity" table N will be flux weighted correct

ly, with the fluxes in the zones that contain material M. 

In case of cross section weighting, the final self-scatter cross sec

tion is calculated in subroutine WATE by subtracting the total out-of-

group scatter cross section and the absorption cross section from the 

total cross section. As this is not correct in case (n,2n) and (n,3n) 

reactions contribute to the scattering matrix, the option is introduced 

that this "normalization" is not performed (IC0S-1 in 27$). 

X. Memory sgace requirements 

The program will calculate the memory space required for the complete 

calculation and print out of results LIM1. This value LIMl is printed 

and a central memory block L - MAX (LIMl, LIMI) is requested , where 

LIMI is the parameter in the first input record. 
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Normally a СМ-Ыоск larger than LIMI is not required, so that LIMI-0 
can be introduced. However if cross section weighting is being perfor
med (IFG«1) normally more memory space is required than the LIMI value 
calculated. In that case ANISN performs the weighting batch-wise in the 
space available, using scratch files for temporary storage. Therefore 
in that case a large LIMI value (> LIMI) can be useful. The CRAY ver
sion of ANISN-PT uses a fixed memory space, and therefore LIMI and LIMI 
have no function here. 

Y. Production of the NAF and NT files 

The production of these files with ANISN-PT requires a number of ad
ditional instructions that are grouped together here: 

Yl. The multiple calculation loop for ITH-2 

The NAF and NT files that are required by the LIBRA program to produce 
the double-differential albedo and flux-kernel library, should contain 
the left boundary angular fluxes for negative p values and the spatial 
scalar flux distributions in plane geometry, for each of a series of 
unit slab sources that represent the different angles and energies of 
incidence. They are produced in a single run by ANISN-PT if ITH-2 and 
IGE=A in 15$. This is accomplished with a double loop in subroutine 
ONTRL: ((IA-1, IAT), IE=IEB, IET)), so that in one run IAT *(IET-
IbB+1) separate transport calculations are being performed, each for a 
monodirectional mono-energetic unit shell source in the first space 
mesh. The shell sources are generated automatically in subroutine GUTS 
so that no source input in 18* is required. The loop variables IEB, IET 
and IAT, that specify the source energy range and the number of source 
angles respectively, are expected in the 27$ array. 

For a complete calculation IAT should have the value 
(ISN+2)*(ISN+2)/16, which is the default value given to IAT if in the 
input IAT*0 is specified (see Chapter Y4). A smaller IAT value than the 
default value can be used for test purposes. The same holds for IEB and 
IET which for the production of the complete NAF and NT files should 
have the values 1 and IGM respectively. 
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As the production of the complete NAF and NT files requires a lengthy 
ANISN-PT calculation, a machine error possibly might occur during exe
cution. If that happens the left boundary angular flux file NAF and the 
scalar flux file NT, that contain the acquired results of the calcu
lations performed so far, are cataloged under the names NAFX and NTX, 
whereas the energy group IEL in which the machine error occured is 
printed. The calculations then can be restarted beginning with energy-
group IEL, with IEB=IEL in the input. Before the calculation is conti
nued the pointers on the NAF and NT files assigned, are positioned at 
the end of the results produced for energygroup IEB-1. The NAF and NT 
file then will be extended with the remaining results* Therefore in 
the job-control cards provisions should be made that these files are 
extended. 
With the facilities mentioned it will be possible also to produce the 
complete NAF and NT files batch-wise in a number of separate jobs. It 
is advisable to test out the whole procedure of producing the NAF and 
NT file with ANISN-PT and their further elaboration with the program 
LIBRA first with small values for IET and IGM before starting the real 
calculations. 

Y2. The first space mesh 

The ANISN-code is organized such that the shell sources, produced in 
GUTS when ITH=2, are positioned at the right hand boundary of the first 
spatial interval. Therefore to obtain the correct leftboundary angular 
fluxes, the first interval in the 4* array should be taken so small 
that it is insignificant. 

Y3.^The_angular quadrature 

If IGE=4 the transport calculation is performed for all discrete direc
tions on the unit sphere. The total number of angular directions 
including a direction with zero weight in each level is 
MM - ISN*(ISN+3). To simplify the input, the weights and cosines need 
only be given for half the unit sphere, that is for positive azimuthal 
angles ф (see Figure 2 of Chapter 2). Therefore in the 6* and the 7* 
arrays only MM ж ISN*(ISN+4)/2 values are required. The sequential 
numbering of the discrete angles (M»1,MM) as required in 6* and 7* is 
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given in Figure 7 for 1SN = 8. The weight W(M) in 6* should be normal
ized for the hemisphere, that is: 

MM 
I W(M) = 1.0 

M-l 

The cosines u(M) in 7* are the direction cosines with respect to the X 
axis 

y(M) = a . X 

The zero-weight directions, required for cylinder geometry (IGE=2) and 
spherical geometry (IGE=3), have no function for plane geometry 
(IGE=3), have no function for plane geometry (IGE=1 or 4). However for 
consistency these zero-weight directions are always required in 6* and 
7*. 
To save cost in the IGE=4 mode however, the transport calculations for 
the zero-weight directions are skipped. 

The following conditions are imposed on the angular quadrature: 
it 

- rotation invariance of тк, k=l,2 about the X-axis. 
- reflection invariance with respect to the X-Z plane and X-Y plane 
respectively. 

It is assumed here that the X-axis is normal to the reflection surface. 
The reasons for these requirements will be explained in the next 
chapter. 
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Figure 7: S8 example of numbering of discrete directions for ANISN-PT 

input (ITH=2). The numbers between ( ) are the angles of 

incidence. X is the calculation direction. 
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Y4. TheNAFandNTfiles 

As described in Yl, for each of a number of shell sources in the first 
mesh, with energy index IE=1, IGM and angular index IA=1, IAT a trans
port calculation is being performed. The left boundary reflected fluxes 
RFL(M=1, MMA.IG-IE.IGM) and the scalar fluxes FL(I=1, IM, IG=IE,IGM), 
produced by each of these calculations, are stored on the NAF file and 
the NT file respectively. On the NT file the summary tables, required 
by FURNACE to calculate the neutron balance, are stored as well. 

The format of the NAF and NT files can be expressed by the following 
write statements: 

NAF-file: 

DO 10 IE=1,IGM 
DO 10 IA=1,IAT 

10 WRITE(NAF)((RFL(MA,IG,IA,IE),MA=1,MMA),IG=IE,IGM) 

NT-file: 

DO 10 IE=1,IGM 
DO 10 IA=1,IAT 
WRITE(NT) (XMIL(IZ),IZ=1,IZP),(RA(I),1=1,IM+1), 

((FL(I,IG,IA,IE),I=1,IM),IG=IE,IGM) 
10 WRITE(NT)((SUMT(K,IG),K=1,7),IG=IE,IGM) 

XMIL and RA are the zone boundaries and the mesh boundaries respec
tively. MMA is the number of angles with negative p values and no zero 
weight (MMA=ISN*(ISN+2)/2). For the example of ISN=8 the numbering of 
the angles in RFL is given in Figure 8b. For comparison the correspond
ing numbering of the angular fluxes in ANISN is given in Figure 8a. The 
number of source angles, IAT=(ISN+2)*(ISN+2)/16, needs some explana
tion. 

In principle the reflected angular fluxes are required for all angles 
of incidence (i.e. for all source angles with positive p values). How
ever due to symmetry conditions the transport calculations need not be 
performed for all source directions with positive u value. To begin 
with we can restrict ourselves to an octant (0 < ф < тг/2, 0 <; 0 <тт/2, 
in Figure 2 of Chapter 2) as the X-axis is normal to the reflective 
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surface and the angular quadrature is assumed to be symmetric with 
respect to the X—Z plane and X-Y plane respectively. Further the plane 
through the X-axis that cuts the octant into half (with an azimuthal 
angle of и/4 with respect to the X-Z plane) is assumed to be a symmetry 
plane as well. Therefore only the source directions lying in one of 
these halfs of the octant need to be calculated. We have chosen the 
upper half of the octant. As can be seen easily, this adds up to a 
total number of source angles IAT=(ISN+2)2/16, where IAT is truncated 
to the next lower integer if ISN/2 is even. An example for the 
numbering of the source directions is given in Figure 8c for ISN=8. 
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Figure 8a; S8 example of numbering of directions for albedo and flux 
kernel calculation with ANISN-PT(ITH«2). For the definition 
of p and ф. see Figure 2. 
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Figure 8b: S8 example of the numbering of angles of incidence and 
angles of reflection on the NAF-file produced by ANISN-PT 
for ITH=2. The angles of incidence are encircled. 

Figure 8c: S8 example of the numbering of angles of incidence and 
angles of reflection on the FLF file as produced by the 
LIBRA program. For the difinition of u and ф see Figure lc. 
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Y5. Convergence 

The convergence criterion normally applied to the scalar fluxes is not 
sufficient when calculating the left boundary angular fluxes in the 
ITH=2 mode. Therefore in that case the extra convergence criterion is 
introduced that the maximum angular flux variation at the left boundary 
for directions with negative y-value, is smaller that EPS: 

RFL(MA) -RFL(MA) 
I к < EPS for all values of MA 

where n is the iteration counter, and the denominator is the absolute 
reflected angular flux averaged over the reflection angles MA. The 
convergence of the double differential albedo calculations is improved 
in the first group (IE=1) by using the angular flux distributions cal
culated for shell source (IA,IE) as flux guess for the next shell 
source (IA+1,IE). This explains the sequence in which the source direc
tions are selected (see Figure 8c). For further improvement of the 
convergence the angular fluxes calculated for source energy IE are 
stored, and used as angular flux guess in the runs for the next source 
energy IE+1. 

Yó^Print^outjHit 

When performing an ANISN-PT calculation in the ITH=2 mode, the output 

file can become very large. Therefore for a production run in the ITH=2 

mode no extra printout options should be requested. Therefore in that 

case use ID1=0 and IPRA=0. IPRA»l should only be used for test purposes 

with a small number of energy groups, i.e. for (IET-IEB) is small. For 

the same reason and to save calculation time, the ID3 and ID4 parame

ters are ignored if ITH»2. 

It would be a tedious job to check all balance tables for all the IAT * 

IGM transport calculations. Therefore the neutron balance for tht» 

system is checked internally. If the neutron balance in a energygroup 

IG differs more from 1 than EPS a warning is printed. If the total 

neutron balance over all energy groups differs more from 1 than EPS a 

message is printed and the calculation is stopped. 
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6. LIBRA USER MANUAL 

6.1. General program description 

The LIBRA program produces and maintains the double differential albedo 

and flux-kernel library FLF that is used by FURNACE. It uses the binary 

files NAF and NT that contain the angular boundary fluxes and the 

scalar flux distributions respectively, as produced by the ANISN-PT 

program in the ITH*2 mode. 

The FLF-library is a binary group-organized library containing the 

double differential albedos and flux-kernels for a number of slabvise 

blanket configurations. LIBRA can produce, extend and modify this 

library, and will print out the content of the library if required. 

6.2. Disc-files required 

Input files: 

TAPE1 : NAF file, contains the angular boundary fluxes produced by 

ANISN-PT in the ITH-2 mode. 

TAPE2 : NT file, contains the scalar fluxes produced by ANISN-PT 

in the ITH-2 mode. 

FLF-files : 

TAPE3 : FLF-library. This is the existing FLF-library that has to 

be extended, revised or printed. 

TAPEA : FLFN-library. This Is the new FLF-library that results 

from the extension or revision of the existing FLF-

library. 

TAPE9 : FLFX-file. This file contains the double differential 

albedos and flux-kernels for one blanket configuration in 

the FLF-format, as produced in the present run from the 

NAF and NT file, or produced in a previous LIBRA run. 

Temporary files: 

TAPE7 : scratch-file 

TAPE8 : scratch-file 
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6.3. Input LIBRA 

I TITLE (format 8A10) 
II INTEGER VARIABLES (READ*, io list) 

LIM memory space available for blockrequest (A) 
ISN angular quadrature used in the ANISN-PT runs 
NGR number of energy groups used in the ANISN-PT runs 
NBI. number of blanket configurations on existing FLF-library (B) 

If there is no FLF library yet, NBL=0 
IMH maximum number of radial meshpoints on existing FLF-library. 

IMM=0 if NBL=0 
IZM maximum number of radial zones on existing FLF-library. IZM=0 

if NBL-O 
IDO instruction parameter: 

ж 0: print out albedos and fluxkernels for the blanket configu
ration with sequence number IBL on the existing FLF-
library (TAPE3) 

= 1: remove blanket configuration with sequence number IBL from 
existing FLF-library (TAPE3), and place revised library on 
FLFN (TAPE4) 

= 2: replace blanket configuration with sequence number IBL on 
existing FLF-library (TAPE3), by the new blanket configu
ration as denoted by the IND-paratneter, and place revised 
library on FLFN(TAP'7.4) 

= 3: add new blanket configuration as denoted by the IND-para-
meter to the existing FLF-library (TAPE3) under sequence 
number IBL, and place revised library on FLFN(TAPE4).(B) 

IBL sequence number of blanket configuration on blanket library 
that has to be printed, removed, replaced or added as indicated 
by the IDO-parameter. If ID0=3 then IBL=NBL+1 

NOTE : if IDO < 1 the remaining input need not be given. 

IND parameter denoting the origin of the new blanket configuration 
that has to be added to the existing FLF-library (B) 
(used if IDO - 2 or 3): 
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= 0: new blanket configuration is present on FLFX-file (TAPE9) 

produced by a previous LIBRA run 

= 1: new blanket configuration must be taken from the NAF-file 

and the NT-file assigned to the job 

IM number of radial mesh points of new blanket configuration. Used 

if ID0=2 or 3 

IZ number of radial zones of new blanket configuration. Used if 

ID0=2 or 3 

IPRT =1/0: yes or no print-out of new FLFX-file produced by this 

LIBRA run from NAF and NT. Used if IND=1. 

ITST test of NAF and NT file before construction of FLFX-file (used 

if IND=1)(C) 

= 0: no test performed 

= 1: test is performed and execution continues 

• 2: the program is executed only to perform the test. No 

further actions take place 

NOTE : If ITST=0 reading of input stops here 

III. INPUT ARRAYS (READ*, i.o list) 

MU(NTH) cosines of angular directions NTH = ISN/2 (C) 

P(MMA) weights of angular directions, MMA = ISN*(ISN+2)/2 (C) 

6.4. User instructions for LIBRA 

A. Memory space requirement 

To transform the information on the NAF and NT files to the format of 

the FLFX-file, requires a large memory space. To prevent memory-space 

exhaustion the transformation can be performed batch-wise, using 

scratch-files. The length of each batch depends on the input parameter 

LIM that specifies the memory space available for the block request. 

The format transformation only takes place if IND-1, and therefore only 

in that case a large value of LIM is useful. 
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B. Stepwise production of a_blanket_library 

In the first run (NBL-O, ID0=3, IBL=1, IND=1) a FLFX-file (TAPE9) will 

be produced, but the instruction ID0=3 to produce a new FLFN-library is 

ignored as this would just be a duplication of the FLFX-file. In the 

second run (NBL=1, ID0=3, IBL=2, IND=1) the previous FLFX-file is ex

pected on TAPE3, and a new FLFN-library is produced on TAPE4, contain

ing the two blanket configurations. In the third run the previous FLFN-

library is introduced as the FLF-library on TAPE3, and a new FLFN-

library is produced on TAPE4, etc. It is also possible to produce a 

number of FLFX-files first and then combine these into a library, using 

IND=0. 

C. Test of NAF and NT file 

It is known that due to the truncation of the polynomial expansion of 

the scattering cross sections, in discrete ordinate calculations nega

tive angular fluxes may occur, especially in case of strongly anisotro

pic sources or geometries with streaming paths. Therefore it is un

avoidable that in the double differential albedos calculated by ANISN-

PT, negative albedo values will occur in certain directions in particu

lar for reflection into the same energy group. As the occurance of this 

type of negative angular fluxes does not disturb the neutron balance, 

they are normally accepted, as long as the resulting scalar fluxes are 

positive. Therefore an option has been introduced in LIBRA (ITST=1, 2) 

to test the NAF and NT file by calculating the total (angle integrated) 

current albedos and the total (angle integrated) radial fluxes for an 

isotropic incoming flux, and then testing these for negative values. 

The cosines and weights required to perform this test are read in in 

the same format as required for the FURNACE input. 

The format in which the double differential albedos and flux kernels 

are placed on the FLF-file, is determined by the calculation procedure 

in the FURNACE-code. 

The format can be described by the following write statements 
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DO 10 IG - 1, NGR 
DO 10 IE - 1,IG 

10 WRITE(FLF)(((ALB(MF,IA,IB,IE,IG),MF-1,MMA),IA-1,IAT),IB-1,NBL) 
WRITE(FLF)((XMIL(IZ,IB),IZ-1,IZP),1B-1,NBL),((RA(I,IB),I-1,M+1),IB» 
l.NBL) 

DO 20 IG = l.NGR 
DO 20 IE = l.IG 

20 WRITE(FLF)(((BF(IA,I,IB),IA-1,IAT),I«1,IM),IB=1,NBL) 
(((BS(IA,K,IB),IA=1,IAT),K=1,7),IB-1,NBL) 

the ALB arrays contain the RFL values from the NAF files in the trans
formed format. The BF and BS arrays contain the FL and SUMT values from 
the NT files in the transformed format (For description of the NAF file 
and the NT file see user instruction Y4 of the ANISN user manual (Chap
ter 5.5). It must be mentioned here that LIBRA transforms the seqential 
numbering of the reflection angles as used on the NAF file (Figure 8b) 
to the sequential numbering as required by the FURNACE program. The 
transformation is illustrated for ISN»8 in figure 9. This transforma
tion is required as in ANISN-PT the polar axis is parallel to the re
flection surface (Figure 2), whereas in FURNACE the polar axis is per
pendicular to the reflection surface (Figure 1С). 
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7. TAPEMA USER MANUAL 

7.1. General program description 

The TAPEMA program is an updated version of the same program in [5]. It 
is a retrieval program, to be used for mixing of cross sections prior 
to the actual ANISN runs. 
The program reads the cross sections from one or two binary material-
organized files, and writes the mixed cross sections on a binary group-
organized file as read by ANISN if ID2=1. The program can also be used 
to print the whole content of a material organized library. 

7.2. Disc files required 

Input files: 

TAPE8 : LIBl, binary material-organized library, with material-
identification numbers starting with ID=1. If MTP<0 the 
group organised library is expected here (A). 

TAPE9 : LIB2, binary material-organized library, with material-
identification numbers starting with ID=1001. 

Output files: 

TAPE 10 : TAPOUT, binary group-organized file containing the mixed 
cross sections. 

Temporary files: 

TAPE1,TAPE2: scratch files. 
TAPE3 

7.3. Input TAPEMA 

a^Integer^vaj^bles (READ*, io list) 

IGM number of energy groups 
IHT position of о _ , in cross-section table r total 
IHS position of о in cross-section table 

gg 
IHM length of cross-section table 
MS cross section mixing table length (A) 
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MCR number of cross-section sets to be read from INPUT (A) 

MTP number of cross-section sets to be read from tape (A) 

MT number of mixed cross section (note the change in definition 

with ANISN) 

ITH 0 forward sulution 

1 adjoint solution 

IPRT 0 no effect 

1 print mixed cross sections 

2 print all cross sections (i.e. of mixtures and 

components). 

b. Array input in FIDO format 

10$ mixture numbers in mixing table [MS] 

11$ component number in mixing table [MS] 

12* number densities in mixing table [MS] 

13$ identification numbers of materials to be read from tape 

[MTP] (B) 

NOTE : the above data is folowed by a T 

14* MCR cross section sets [lGM*IHM] 

NOTE : Each set is preceeded by 14* and followed by a T 

COMMENTS 

A. 

B. 

If MS»MCR=0, the arrays 10$ up to 14* are not read and no 

mixing takes place. Instead the first MTP cross-sections 

sets on TAPE9(»LIB2) are printed out. 

If MTP<0 all component cross sections are read from a group 

organised file on LIB1(TAPE8). Therefore in this case ITH is 

not effective and the 13$ and 14* arrays are not read. 

Materials with identification numbers ID<1000 are read from 

LIB1(«TAPE8), and materials with identification numbers 

ID>1000 are read from LIB2 (-TAPE9). The program reads the 

LIB files only in forward direction. Therefore the ID 

numbers in 13$ should be in sequential order. 
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8, DRAWER USER MANUAL 

8.1. General program description 

The DRAWER program produces plots from results produced by FURNACE as 

stored on FURR-files. 

Poloidal, toroidal and radial plots of fluxes and reaction rates can be 

produced as well as flux spectra. 

Results from different FURNACE runs can be plotted in the same graph. 

DRAWER can read from four different FURR-files, which each may contain 

results of several FURNACE runs. Curves can also be plotted from X-

and Y-arrays read from the INPUT file. They can be plotted separately 

or combined with curves from FURR-results. 

DRAWER used the DISSPLA system [7], which therefore is required. The 

program can be run in two different modes, MODE=0/1. MODE-1 is used to 

produce nice plots for publishing purposes and therefore has several 

options for titles, legends and axis names. 

M0DE=0 is used for scanning the results of calculations and therefore 

produces simple plots, requiring a minimum specification on the INPUT 

file. 

8.2. Disc files required 

Input files: 

TAPE1,2,3,4: FUR1, FUR2, FUR3, FUR4, four FURR files as produced by 

FURNACE, to be available as far as required. If data are 

plotted from INPUT only (TYPE-0) no FURR files are 

required. 
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8.3. Input DRAWER 

I TITLE (format 8A10) 
II PLOT SPECIFICATIONS 

a. Plot type and dimensions (READ*, io list) 

TYPE 0 X- and Y-values from input only 
1 poloidal plot from FURR 
2 toroidal plot from FURR 
3 radial plot from FURR 
4 spectrum plot from FURR 

NOTES: 

NCSI 
NCSF 
NCSL 

NPTM 
MNZ 

. for TYPE Ф 0 additional curves from Input can be plotted as 
well 

. for the poloidal and toroidal plots the X-axis is in meters, 
except if TYPE=-1 resp. -2 in which case the poloidal angle 
or the toroidal angle respectively is used for the X-axis 

. with TYPE=-4 the GAM-group structure is used for the 
spectrum plot 

number of curves from input 
number of curves from FURR files 
number of curves to be plotted with left Y-axis (NCSL < NCS, 
where NCi> \CSI + NCSF). The reca'iing curves (NCS-NCSL) will 
be plotted with an additional right Y-axis 
maximum number of data points in curves 
maximum number of material zones in curves 

^i_£lS£lL££iii£ (READ*« io list) 

MODE = 0 simple graph se^up without heading, 

legend, axis lables or curve markers etc. (A) 

1 detailed graph setup 

INTO - 1,2,3,4 interpolation option for MODE-0 (see part Va) 

NOTE : if MODE-1 the interpolation option is specified in part Va 

for each curve separately 

IGRF 1 X linear, Y linear 

2 X linear, Y logarithmic 

3 X logarithmic, Y logarithmic 
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IRY O no additional Y-axis required (NCSI.=NCS) 

1 additional Y-axis is linear 

2 additional Y-axis is logarithmic 

IA = 3,4,5 page size A3,A4,A5 respectively (B) 

NOTE : if MODE=0 the remaining input for the graph setup is not 

required 

IXR 0 no effect 

= 1 prior to plotting, the X- and XB-values as read from input 

or from FURR files are transformed to relative values, 

i.e. X=X/XP(KZ+1) (C) 

1XGR number of grid lines per scale unit, 

IYGR if negative the number of scale units between grid lines, if 

zero no grid lines 

IXTC number of ticks between divisions on X—axis 

IYTC number of ticks between divisions on left Y-axis 

IYTC2 number of ticks between divisions on right Y-axis 

NHD number of lines in graph heading (< A) if zero no header is 

produced 

ILEG 1/0 yes or no legend 

TYPE_#J) 

MIZP max. number of material zone boundaries, MAX(IZM+1) 

MIMM max. number of radial mesh points 

MNBL max. number of blankets on FLF file used in the FURNACE run 

MTIT max. number of toroidal mesh region 

MNTP max. number of toroidal mesh points 

MNPP max. number of poloidal mesh points 

MGRC max. number of energy groups calculated, MAX(ILGR-IFGR+1) 

MNRR max. number of reaction rates calculated 

^_5£2i£_é£Ü2i£i£2S (READ*, io list) 

XORIG X-value at origin 

XSTP X-scale unit 

XMAX X-value at end point of axis 
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YORIG Y-value at origin 
XSTF Y-scale unit 
YMAX Y-value at end point of axis 

Only if IRY Ф 0: 

Y0RÏG2 Y-value at origin of additional Y-axis 

YSTP2 Y-scale unit for additional Y-axis 

YMAX2 Y-value at end point of additional Y-axis 

NOTE : for logarithmic scales the scale units (XSTP etc) have no 

meaning 

COMMENTS 

A. if MODE=0 the title of the DRAWER run is used as graph 

heading, and the texts 'X-axis' and 'Y-axis' written 

at the axis. 

B. if M0DE=0 the longest page side is always vertical, and the 

plot area (XAS.YAS) adapted to the page size 1A 

C. the plot scale (XORIG,XSTP,XMAX) is not affected by the value 

of IXR 
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Ш-9.1£УЕ§_РК9М.ТНЕ I N P t ^ u ? ^ . { N C S I * 0) 

a. Array dimensions (READ*, io list) 

NPNT number of points 
NZ number of material zones 
ISYM 1/0, the firs' "»d last material-zone boundaries are yes/no 

symmetry plane» 4l,> 
WT weight factor for Y values 

b. X- and Y-values UEAD*, io list) 

X.Y(NPNT) NPNT pairs of X- and Y-values 

c. ХВ.values (READ*, io list) 

XB(NZ+1) X-coordiLates of material-zone boundaries (A) 

NOTE : the above information (a+b+c) must ЪО given for each of the 
NCSI curves 

NOTE : the X- and XB- values can be specified starting at the 
lowest X-value, but also may be specified starting at the 
highest X-value 

COMMENTS 

A It is assumed by the program that the X-axis is subdivided In 
mesh intervals, where the material zone boundaries lie on a 
mesh boundary and the data points are the mid points of the 
intervals. 
Now in the M0DE=0 option (see part V) the curves are assumed 
continuous in each material zone, allowing discontinuities at 
each zone boundary, extrapolating the curves towards the 
material zone boundaries. In the M0DE=1 options material zones 
may be combined into a smaller number of plot zones, allowing 
discontinuities at the plot-curve boundaries only. For ISYM=1 
interpolation instead of extrapolation is used at the first 
and last boundary. 
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IV. CURVES FROM FURR-FILES (if NCSF Ф 0) 

a. Data selectioi^parar. _ READ*, is list) 

IFLE the FURR file (i.e. IFLE=1 refers to the file FURl) 

IRUN the sequential FURNACE run number on the FURR file 

IDAT the data array of the FURNACE run 

= 1 unscattered first-wall currents 
unscattered first-wall fluxes 
total first-wall currents per energy group 
flux distributions in blankets per energy «>«a tp 
reaction rate distr:.utions in blankets 
reaction rates integrated over radial material zones 

NOTE : The total first-wall fluxes per energy group are not given 
as a separate item. They are stored in the IDAT=4 arrays in 
the first radial mesh number (IRP=1). The first radial mesh 
is IRP=2 (due to this trick-reaction rates at the first wall 
are calculated as well). 

IMIR 0 no effect 
1 the curve is mirrored against the last zone boundary, and 

a plot is produced containing the mirrored curve as well 
(A) 

ITP toroidal mesh number at which a poloidal or radial plot or a 
flux spectrum is wanted 

IPP poloidal mesh number ac which a toroidal or radial plot or a 
flux spectrum is wanted 

IRP the radial mesh number at which a poloidal or toroidal plot, 
or a spectrum is wanted (NB. IRP»1 is the first wall) (B) 

IRZ radial material zone number for which a poloidal or toroidal 
plot of the zone integrated reaction rates is wanted (c) 

IRR the reaction rate number 

IG the energy group for a flux plot (D) 

WT weight factor for the Y-values 

NOTE : the above information must be given for each of the NCSF 
curves 
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b.energYgroup boundaries if TYPE^fA (READ*, io list) 

EN(MGRC+ energy-group boundaries in eV, starting at the first energy 
+1.NCSF) group calculated IFGR (see FURNACE) 

NOTE : the energy group boundaries are not required if TYPE=-4 in 
which case the program uses the GAM-group structure 

COMMENTS 

A. Mirroring of a curve is of course only acceptable if the last 
zone boundary is a symmetry plane. A possib application is 
if we want a pvJ-oidal , " t t! ло1е torus circumference, 
in case the torus mtdplane is a symmetry plane and the FURNACE 
calculation was only performed for mesh points in the upper 
half (ISYM=1 in the FURNACE input). Another possible applica
tion is if we want a toroidal plot of two neighbouring torus 
sectors. 

B. For a poloidal plot the X-axis may be the poloidal distance in 
meters (TYPE=+2) or the poloidal angle in radians (TYPE=-2). 
The poloidal distances are measured at the radial mesh in the 
blanket as specified by IRP. The poloidal angle however always 
refers to the corresponding mesh points at the first wall, 
irrespective of the IRP value specified. Therefore if TYPE=-2 
the results at IRP to be plotted are projected onto the first 
wall. 
If we want the same for TYPE=+2 that is, if we want a poloidal 
plot in meters of results (y) at a radial mesh IRP plotted 
against the poloidrl distance in meters at the first wall, 
this can be achieved by introducing IRZ*0. 

С No poloidal or toroidal coordinates of radial blanket zones 
have been defined. Therefore if we want a poloidal or toroidal 
plot (in meters) of radial zone-integrated reaction rates for 
a radial zone IRZ specified, the X-coordinate will be the 
poloidal or toroidal distance at the radial mesh IRP as spec
ified (where again IRP-1 refers to the first wall). 

D. DRAWER is not designed to perform energy group condensation 
prior to plotting. If group-condensed fluxes ar*> ..«••• .< they 
should be calculated by FURNACE as a reaction » 
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V. DETAILED GRAPH OPTIONS FOR MODE-1 

a. Integer variables (READ*, io list) 

NOTE : The following information is required for each curve, in t. 
order in which they have to be plotted 

ICS sequence number of the cuive to be plotted (A) 

IHRK = 0 curve drawn, no marker symbols 
I curve drawn, marker symbol every Ith point 

-I no curve drawn, marker symbol every Ith point 

1 solide line 
2 dotted line 
3 dashed line 
4 chain dotted line 
5 chain dashed line 

ILIN 

IMS = marker aymbol to be usi>d 

• О Д + Х О У Й Х Ф Ф Й Й Й Й Ю П ! 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

INTR ** 1 straight lines between points 
2 PARA3 interpolation 
3 SPLINE interpolation 
4 PSPLIN interpolation 

NOTE : See the DISSPLA manual for information on these interpola
tion options. 

IZPL(MNZ)plot zone to which each material zone belongs (B) 

COMMENTS 

A. The sequence number (ICS * 1,NCS) refers to the sequence in 
which the curve data are read from the INPUT file and the FURR 
files. For practical reasons the order in which the curves are 
specified in parts III + IV, may be different from the order 
in which they have to be plotted. For example if curves both 
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from INPUT and FURR files are plotted. If two different Y-axis 

are used the plotting order is essential, as for plotting the 

first NCSL curves the left Y- „s is used, whereas for plot

ting of the remaining curves the right Y-axis is used. 

B. The maximum number of plot zones 1? al to the maximum num

ber of material zones MNZ. In each t̂ zone a continuous 

curve is drawn using extrapolated values at the plot—zone 

boundaries. If IZPL(IZ)=0 the plotting of the curve is sup

pressed in material zone IZ. 

b. Real variables (READ*, io list) 

XAS.YAS length of X-axis and Y-axis in inches 

if zeros the default value XAS=5.12, YAS=6.3 are used for page 

size AA 

HAX height of symbols in axis labels in inches 

if zero the default value HAX=0.16' is used for page size A4 

HHD(4) height of symbols in heading in inches 

if zeros the default values 0.24, 3*0.17 are use- for page 

size A4 

HLEC height of symbols in legend in inches 

if zero the default value 0.13' is used for A4 

XLEG I position of left lower corner of legend from origin in inches 

YLEGI 

NOTE : if page size A3 or A5 is chosen the default values for XAS, 

YAS and symbol heights are scaled accordingly. 

c. Te>:t_sgecifications (A-format) 

each text string must be closed with a lower case $. 

Standard, Greek and instruction alphabets are allowed(A) 

NOTE : if NHD-0 lines for the heading are not required 

- first Tine of heading (< 60 symbols) 

- last line (NHD) of heading 
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- label for X-axis (< 80 symbols) 
- label for Y-axis 
- label for second Y-axis (only if IRY Ф 0) 

NOTE : The legend must be specified in the order the curves are 
plotted. If ILEG=0 no legend specifiction is required. 

- legand title (< 20 symbols) 
- legend for first curve (< 40 symbols) 

- legend for last curve 

COMMENTS 

A. For shifting of the character set the following characters are 
used: 

STANDARD upper case < 
STANDARD lower case > 
GREEK upper case ( 
GREEK lower case ) 
INSTRUCTION ALPHABET * 

Example: <F>LUX (F*L>TH*LX>$ 

results in Flux ф . rth 
The instruction alphabet has many other posibilities (see the 
DISSPLA manual [7]. 
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