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Abstract:

The neutron flux distribution on the wall of a toroidal CTR device with strongly
elongated cross section is calculated. On the inner and outer cylindrical walls (belt-
pinch device ) the flux distribution has a plateau region with a half-width equal to
about the height of the plasma. The maximum flux is found on the outer cylinder and
in the symmetry plane (zo = 0). The neutron flux asymmetry and reduction n of the
mean wall loading are determined. For standard data an m of 57 % is computed. This is
mainly due to the flux profiles on the cylindrical walls and does not depend sensi-
tively on the toroidal curvature. For standard parameters the inner cylinder absorbs
22.6 %, the outer cylinder 68.6 % and the end plates together 8.8 % of the total
neutron emission. The corresponding values for a straight device with the same coil
and plasma cross section are 44 %, 44 % and 12 %. A reduction of toroidal curvature
diminishes flux asymmetry between the inner and outer cylinders. The maximum flux

and minimum n-value are obtained at a large torus radius equal to two times the coil

width.




1. INTRODUCTION

In designing the blanket of a special thermonuclear reactor device like that with
an axisymmetric configuration and elongated cross section, one important question is
whether there are large asymmetries in the flux of fast neutrons. Another aspect is the
possibility of large localized wall loading by energetic neutrons due to asymmetries.

It is obvious that the neutron flux distribution on the wall will depend both on the
geometry of the neutron source (plasma) and on the wall geometry. Simple solid angle
arguments yield only very rough estimates. Therefore, a detailed numerical calculation

is made in order to obtain quantitative results.

2. METHOD OF CALCULATION

For the sake of simplicity it is assumed that the intensity € of the source of energetic
neutrons is homogeneous, and that the plasma has a rectangular cross section (see Fig.1).
Experimental plasmas have a racetrack-like shape. Both idealizations should be very
good approximations of reality. Here ¢ is defined as the number of neutrons per sec
that are emitted by 1 cm3 of the source. It is further assumed that the wall and blanket
systems is an ideal neutron absorber in the sense that no neutrons are reflected after
hitting the wall. The neutron flux 4) is defined as the number of neutrons per cm2 and
per sec. With a constant € throughout the plasma and a plasma volume Vp( see Fig.1,

Rt = ——; (Ri + Re))the total neutron emission is

Yy =V, €= 4 b2T R L€ (1

o
The neutron flux distribution on the wall is calculated by using Fig. 2. A point Po
on the wall is defined by the coordinates X 1Y orZor whereas a point P within the plasma

has the coordinates x,y,z. The distance ¢ between Po and P is then given by

02 =(x=x )%+ (y-y) + (2-2)° 2)

The appropriate coordinates are, of course, cylindrical coordinates r, ¢ and z

Xes B 1008 ¢ y = rsing z = z




Because of the axisymmetry of the problem one need only calculate the flux
distribution on the wall in a meridional plane =0, i.e. for Yo = 0. One thus

obtains from Eq. (2)
32 = (rcosep - rO)2 + r2 sin2 o+(z- 20)2 (3)

For x | = r_ one must insert R, for the inner cylinder and Re for the outer cylinder.
The angle & between the normal vector of a surface element dfo on the wall and

the vector ¢ is given by
rcoscep = I
o

Cos (o — 2

Therefore, the projection of dfo onto a plane perpendicular to ? reads

rcose = ry

df = df

o e

It can be used to determine the element d() of the solid angle in which dfo appears

as seen from a point P in the plasma:

do= —39f  _ 4 [®07 T (4)
82 o) 83

The neutrons are emitted isotropically by a plasma element. This means that

the number of neutrons which pass through df per sec, and which come from a

do

volume element dV of the source is given by d (l) ro, zo) df == dV .

With dV = r dr dp dz one obtains for the inner and outer cylinders, by substi-
tuting Eqs. (3) and (4)

(rcosep=r ) rdrdpdz
dd(r_;z )= 2 (5)
o

4ﬂ [(rcosep~r )2+r2 sm2cp+ (z - z ZI 3/2
The integration between z = - b and z = b yields
Rf +a ©n
\ b+ 2
Cb(r sz )= =& .} V = Q ](r cosP_r ) rdr dn
o ¢ 4m k [«kb-z )2Hc? J otz )24 ©
R‘—'Rf—o Q= —com N e)

(6)

with k2 = (r cosep = ro)2 + r2 sin” .




Here © is the limiting angle of the (integration. It can be derived from Fig. 2

for the inner and outer cylinders.

a) Inner cylinder = Ri 0
RN
© () =cos (=)

b) Outer cylinder r =R :
o e
R. R,

Cpm(r) =0, t % with g = cos-] (i) and Py = cos (——r'—)

and therefore

cpm(r) e [ FR]_ (R.2 - N/ R e Ri2 «/r2 B Riz)]

I e
e

The result for the top or bottom plate that corresponds to Eq. (6) reads

—;‘+b Rf+°‘ @
¢(r°z=+_li)= € X I I zrdrdpdz
O’ 0—2 411' 2 23/2
H (k™ +2%)
Z=——b r:R-a =_c0
2 t o

with a limiting angle

1

o =cos”l [ @21 2r% W 2or2))

(8)

(10)




3. RESULTS

The integration of Eqs.(6) and (9) is performed numerically for € = 1. For the
standard parameters of a belt-pinch reactor proposal (see Fig. 1) one obtains the flux

distribution shown in Fig.3. The standard data normalized to the coil width

W=R =R, are :
e i R R
Coil geometry: —wl—— =1, Vi =2 _% =4
a b R'r Ri+ R
Plasma geometry: W 0:2; WS 2,0, W - 3 We =1.5

Obviously, the flux distributions on the inner and on the outer cylinder are qualitatively
very similar. Both have a plateau region which is symmetric to the z = 0 plane with

a half-width of about 2 b. The flux on the outer cylinder, however, exceeds the cor-
responding values on the inner cylinder for all z, The (b— values are relatively small

on the top and bottom plates. The largest flux occurs at = Re and z = 0

(G R;0)).

The difference between the local flux (1) (r ; z ) and the averaged flux d s
o o av

a measure of the asymmetry A of the flux distribution. The asymmetry is defined as
(r .z ) - (rn .z
A(I’ ;Z)=¢Olo ¢0V =¢ o ; 0)

= N @GV av

where ¢av is given by the ratio of total neutron emission v

=] (11)

of the plasma (see

fot
. _ i 1
Eq. (1)) and total coil surface F =2 R’r 2(H+ Re Ri) for Rf = (Ri +Re)
_ Wfof _ 2abe
b = = ——— (12)
av F H + Re' R;

The asymmetry factor A for the standard case is shown in Fig.4. It is obvious from
this figure that the flux is smaller than (bqv in a region of the wall with 'zo‘> b
including the end plates. On the outer cylinder there are large regions with a flux

clearly above d)av' i.e. these regions have to withstand the strong wall loading.

Another. important quantity is the reduction factor 1 of the mean wall loading due
to flux aymmetry. In the case of an everywhere constant flux the wall can withstand
d)m' F neutrons per sec, where (I)m is the maximum flux possible on the wall. With

an asymmetric distribution, however, (bm can be reached only locally because the

maximum q) (ro = Re; z_ = 0) must not exceed (1)
m




One therefore defines

n= \ytot : (b av (13)
¢ -F dRr_;0
For the standard case n is found to be 0.57.

The dependence of the flux distribution on the plasma geometry has been dis-
cussed above. We are now interested in the question how the toroidal equilibrium
position effects the flux asymmetry. It is intuitively clear that devices with strongly
elongated cross sections are favourable in so far as their flux asymmetry (zo - de -
pendence) on the inner cylinder or on the outer cylinder does not depend sensitively
on the toroidal equilibrium position of the plasma. The main effect is a change of flux

asymmetry between the inner and outer cylinders.

In order to learn how the flux asymmetry depends on the toroidal curvature of the
device, the torus radius R’r (Rt = —]-2 (Ri + Re ) is varied with the coil and plasma cross
section kept fixed(W=R,-R:, H, a and b as in the standard case). In Fi g.R5 the fluxes
in the plane z, = 0 on the inner and outer cylinders are plotted versus —L— . The

W
R
maximum flux @ (ro = Re iz = 0) is reached at about Vi\./ ~ 2. Figure 6 shows

the variation of the total number of neutrons per sec with E_ that pass through
the inner cylinder, the outer cylinder and through the end plates (top and bottom
plates together). As would be expected from a linear device, the asymmetry between

the inner and outer cylinders decreases when R'r is increased. But it becomes small

R
only for very large R; - values. For the standard case Wf = 1.5 the inner cylinder

absorbs 22.6 %, the outer cylinder 68.6 % and thRe end plates together 8.8 % of the
total neutron emission. For the asymptotic case v:/— - o the corresponding values

are about 44 %, 44 % and 12 %.
R
The factor n versus W is shown in Fig.7. It does not depend sensitively on

the torus radius Rt' The reduction of the mean wall loading to 57 % in the standard
case is thus mainly due to the zo-dependence of the flux, i.e. due to the half-width

of about 2 b. The minimum of n is found at -Viv- ~ 2. According to Eq.(13) this is in

: 3 + i ¢
agreement with the maximum of the flux (b (Re; 0) at pry -t 2 in Fig. 5, since q)av
does not depend on —- .

W




It should be noted that the asymptotic results ( W ») agree well with results

from an analytic calculation and numerical evaluation for a straight device given

in Appendix A.

4. SUMMARY AND CONCLUSIONS

The neutron flux distribution on the wall of a toroidal thermonuclear reactor

with strongly elongated cross section has been calculated. A homogeneous intensity
of the neutron source and a rectangular plasma cross section have been assumed. It

is found that the flux is distributed in a very similar manner on the inner and on the
outer cylinder, except, that the flux on the outer cylinder exceeds the correspon-
ding values on the inner cylinder for all z_ - Both distributions have a plateau
region that is symmetric to the z,=0 plane with a half-width of about the
-height of the plasma (2 b), As would be expected from geometrical arguments, the
flux on the end plates is relatively small. The maximum flux is found on the outer cy-
linder and in the symmetry plane (ro = Re; z = 0).

The distribution of the asymmetry of flux has been computed for sfcndall'zt:
i bk TS TREE LIPS It L T At
parameters ( W = W A W 6, W 0.2, W 2.0 and W 1:9):
A neutron flux clearly above the average value is found in the plateau region on
the outer cylinder. The reduction factor 1 of the mean wall loading due to flux

asymmetry is 57 % for standard parameters.

A variation of the torus radius with a fixed coil and plasma cross section has shown
that 1 does not depend sensitively on toroidal curvature. Therefore, the reduction of
the mean wall loading is mainly due to the decay of the flux along z with a half-
width of about 2 b. The minimum of n at —v;—m 2 is consistent with the maximum
of @ (ro = Re; z = 0 ) for the same torus radius. It is found for the standard case with
5__ = 1.5 that the inner cylinder absorbs 22.6 %, the outer cylinder 68.6 % and the
\g\d plates together 8.8 % of the total neutron emission. For the asymptotic case
_Rf_ - » the corresponding values are about 44 %, 44 % and 12 % in agreement with

XY’\ analytic computation for a straight device . As would be expected, the asymmetry

between the inner and outer cylinders decreases when Rt is increased. It isa




T

favourable feature of devices with strongly elongated cross sections that their flux

asymmetry does not depend sensitively on the toroidal equilibrium position of the

plasma.
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Appendix A

Neutron flux distribution on the wall of a straight device with elongated cross section

1) Method of calculation

It is assumed again that the intensity ¢ of the neutron source is homogeneous, and that
the plasma has a rectangular cross section (see Fig. A 1). The linear device is assumed
infinite and homogeneous in the y-direction, i.e. it is sufficient to calculate the flux
distribution in a plane Y= 0. (Po (xo,yo,zo) on the wall, P(x,y,z) in the plasma).

- W

The centre of the plasma is assumed at x = s and z = 0, and, therefore, the flux
is distributed symmetrically to x = lzv and z = 0. The calculation is only done with
X1 8 0; yi® 0and 0< 2 = 7 because we are mainly interested in the flux distri-
bution on the vertical walls. This yields for the distance & between Po and P accor-

ding to Eq. (2)
22=x2+ y2+(z—zo)2 (A1)
Now the appropriate coordinates are Cartesian coordinates x,y,z.

The angle o between the normal vector of a surface element dfo on the wall and the

vector ¢ is given by
X

cos o = (A 2)
This yields for the projection of dfo onto a plane perpendicular to 7
- -

df = dfo 0 (A 3)
The element dQ of solid angle in which dfo appears as seen from a point P in the
plasma is

do= 3 - o X (A 4)

82 o e3

For the number of neutrons per sec that pass through dfo and that are emitted by a

volume element dV = dx dy dz of the source one obtains

b (Y
d ¢(Zo)dfo— —4? dV .e
and
x dx dy dz

_ €
d(z ) df = 57— df 37 (A 5)

[x2 + y2 +Hz - zo)z]



The neutron fluxat x =0,y =0andz =2z reads
o o o ‘o

-g’—+a © b
) x dx dy dz
O@)= — | j ( R 5573 (A 6)
° L W X" +y +(z-zo)]f
’E e QY T z=-b
The y and z-integration can be done analytically:
_¥V_+a b )
2m [ ek e dy
q)(z)— %
e ° W (y? +kHY/?
x=?'° z==-b y=0 4
with k2= X2+ (z-2)2.
°j dy _ y =_21_ lim y _ 1
(BiileRyn Y2 A2z | K e T2 k2
p=9
This yields
-2‘N—+c| b
21 _ p dz
_e_¢(zo)_ r dxxJ 2
W x +(z=-2)
x=7-a z==-b
b lo-zo b-zo
d = \
- - { 2dg2:']If°”]<i )
(z=z )" + x e ¢ *+x
_ ¢ =-b-z
z==b o -b-z
1 b=z b+z

ith ¢ = z -
with ¢ z-z



= T0i=
W W
. Z "9 -1 b-zo Zz *a _](b+zo)
e f
(')(zo) p [: j tan ( " )dx+ 5 an dx]
- W _ W
g Top el SR,

The x-integrals are evaluated numerically for ¢ = 1 and the standard parameters:

=6, 3 =0.2 and

b _
W T 20

The results are given in Fig. A 2.

At



Figure Captions

Fig.
Fig.

Fig.

Fig.

Fig.

Fig. 7 Reduction factor m versus

Coil and plasma geometry,
Geometrical quantities used in the calculation of the neutron flux distribution.

Neutron flux distributions on a) inner wall ( ¢i ); b) external wall ( Cp and

N
c) top or bottom plate (d)p ) for standard parameters.
Asymmetry factors for the standard case on

a) inner wall ( Ai); b) outer wall ( Ae); c) top or bottom plate ( Ap) .

Neutron fluxes (b in the z = 0 plane on the inner cylinder (dashed curve) and on

the outer cylinder versus —.

w

v ;
Total current of neutrons —— through the inner cylinder (dashed curve), the

outer cylinder(salid curve ) Pt d the top and bottom plates together ( dotted

f
curve ) versus W
Ry
%

Fig. A1 Coil and plasma geometry for a straight device.

Fig. A 2 Neutron flux distribution on a vertical wall of a straight device.
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