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Abstract 

Effects in 19 element CANDU fuel bundles containing Th02 and 

uo2 , located in thermonuclear reactor blankets, have been examined for a 

variety of blanket designs. The buildup in time of nuclides derived from 

Th232 by neutron capture was studied. The essential CTR (Controlled Thermo-

nuclear Reactor) blanket features that were examined were tritium breeding 

in the blanket (the fusion reaction of interest was the DT reaction result-

ing in the production of a 14.1 MeV neutron and a 3.5 MeV alpha particle), 

neutron multiplication in the blanket and the u233 production. Means of 

optimizing these features were also examined. Some conclusions concerning 

the use and influence of the CANDU bundle are made. 

It is of interest to study the details of the buildup of u233 

in the bundles with the view of perhaps transferring bundles directly from 

the CTR blanket into a core of a fission power reactor. As such, it would 

be necessary to convert approximately 3% of the initial thorium present to 

233 
U before transferral. This report examines time steps over which this 

could be achieved and looks at the performance of the blanket as a whole 

when such changes occur. The production of unwanted radioactive isotopes 

is looked at with suggestions of how to minimize this production without 

harming the rest of the blanket's basic functions. 

Procedures outlined in the preliminary report "Bench-Mark Neu-

tronic Calculations for Fusion Reactor Designs" by S.A. Kushneriuk and 

P.Y. Wong form a basis for all of the calculations made in this report. 

Based on the findings of that report, it is expected that values presented 

here do reflect, to a fair degree of accuracy, conditions encountered in 

the CTR blankets studied. 
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INTRODUCTION 

Blankets surrounding a chamber in which certain fusion reac-

tions take place have been proposed to serve various purposes. For reac-

tors based on DT fusion, the most important of the many blanket functions 

is the breeding of tritium, which does not occur naturally, in order to 

supply fuel for these fusion devices. To breed tritium, the material 

needed is lithium; i.e. for the DT fusion reactor, the raw materials needed 

are deuterium and lithium, the deuterium for direct use in the fusion reac-

tion and lithium for breeding purposes~ Because of the possibly great dif-

ficulties that may be encountered in the development of economical fusion 

reactors, to date, it has been suggested that a blanket could also be used 

for direct energy multiplication by having fissile fuel create thermal 

energy or it could be used indirectly by providing fuel bundles enriched in 

233 
U for use in nuclear reactors. CTR blankets, however, face conditions 

which, up till now, have not been encountered in reactor devices; high 

fluxes of high energy neutrons have only been met to some extent in fast 

breeder reactors. Thus first wall heating and atom dislocation studies are 

very important and have not been dealt with in this report. 

Studies undertaken here represent a continuation of work 

reported in the paper "On the Matching of Fusion Breeders to Heavy Water 

Reactors" by Lavergne, Robinson and Mertel (ref. 8). In it, similar methods 

to those used here were employed to examine the matching of D-T fusion 

breeders to heavy water CANDU-type reactors. Their approach to the matching 

differs from that taken in this report in that they examined the irradiation 

of Th, Th0
2 

and The within a blanket with the intent of separating out the 
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233 U or else subsequently loading the thorium into CANDU fuel bundles. 

Thus, problems arose concerning the removal of the irradiated thorium 

from the blanket because of the large quantities of tritium present. The 

alternative method of irradiating an entire bundle has been discussed 

here so that, while problems of removing the bundle from the blanket 

'11 . . f th 233 . . d h d . f st1 ex1st, extract1on o e U or fabr1cat1on an an l1ng o the 

irradiated Th or thorium compounds would be avoided. 

Actual calculational methods that were used are discussed 

first and then different concepts of devices that would employ the fusion 

reactor are looked at. Projected parameters of the devices are listed so 

that some idea of the blanket dimensions and overall operating conditions 

can be formed. A brief review of materials, mainl~ those used here, has 

been included. The main body of this report goes on to use some of these 

projected design parameters to see how the CANDU fuel bundles would fare 

in a blanket environment. While much of the emphasis is on the overall 

fuel bundle and other material behaviour in the blanket, some geometry 

effects, for example the effects of imposing finiteness on an infinite 

cylinder calculation, and spatial effects, such as tritium breeding as a 

function of position in the blanket are also looked at. 



COMPUTATIONAL METHODS 

The transport code used for these calculations was ANISN*, 

a discrete ordinates code that solves for the steady state flux of simple 

geometrical systems (sphere, slab, cylinder). A P
3
-s

4 
approximation was 

used. That is, the scattering function os(v•g• + vQ) can be expanded and 

subsequently truncated in Legendre polynomials by 

L 

os(v'g' + vg> = L 
R.=O 

where L in this case is 3. The subscript on S stands for the number of 

points in the interval (-1,+1) representing the direction cosines of 

various direction vectors (see Appendix I and the following section on dis-

crete ordinates). For more complicated geometries, a Monte-Carlo code 

called MORSE was available but due to time limitations, it was not used 

in this study. The cross-section library used was ENDF/B-IV which is the 

most recent and up-to-date library available at this writing. The cross-

section data was processed into 100 energy groups with the code SUPERTOG 

to obtain the group to group transfer cross sections E • which are used gg 

by ANISN. However, SUPERTOG did not process the (n,3n) reactions (probably 

because these are high energy reactions which until now have not contributed 

significantly in reactor calculations}. This is important in first wall 

* The report "Bench-Mark Calculations for Fusion-Reactor Blankets", ref. 2, 
compared neutronics calculations using ANISN and the ENDF/B-IV data library 
with neutronics calculations done by other laboratories and with actual 
experimental results. It was concluded in that report that although the 
code ANISN could only deal with simple geometri~s and although the processing 
code SUPERTOG needed modifications (ability to handle (n,3n)), results agreed 
reasonably well with comparative reports. 

3 



material considerations due to the large amount of first group flux there 

(see Tables 2, 3 and 4). Because of the length of time that a full 100 

group calculation takes on ANISN (approx. 10 min.) 1 the cross section 

collapsing option in ANISN was used to reduce the number of groups from 

100 to 17 (accuracy is maintained by flux weighting the cross sections). 

This is particularly convenient for the time studies done here since approx

imately ten runs were needed for each design (only zones with Th
232 

had 

concentration changes. Thus, the flux shapes were relatively unchanged 

which meant the few group cross-sections were essentially accurate over 

the time ranges considered) • A Watt spectrum was used to represent the 

neutron fission energy spectrum. The group energy ranges and integrated 

Watt spectra for these ranges are given in Table 1. Figures 1, 2 1 3 and 4 

give plots of the ENDF/B-IV cross sections for the materials of interest 

here. Resonance self-shielding effects and temperature effects were not 

included in the neutronics calculations. 

4 

For the time studies all cross sections used were the collapsed 

cross sections calculated by ANISN. Programs to retrieve these cross sec-

tions and to put them into a form suitable for use in the time calculation 

were written. Finally a program that calculated the isotope concentrations 

as a function of time and position in a bundle using analytical solutions 

of equations laid out in the Time Studies section was written. The basic 

233 234 233 
scheme was to assume the initial concentration of Pa 1 U and U 

was zero and then to run ANISN. Assuming the flux to be constant over some 

timestep t 0 +t1 , new concentrations of these isotopes were computed up to 

the time t
1 

and the process was repeated. 



Groups ( 1 - 17 ) Equivalent 100 Groups Energy Range Watt Spectrum 

1 1 13.5 - 14.9 MeV -5 4.131_ 10_j 
2 2 - 7 7.4 - 13.5 8.27 10 
3 8 - 13 4.1 - 7.4 9.24 10-2 

4 14 - 19 2.2 - 4.1 2.42 10-1 

5 20 - 25 1.2 - 2.2 2.73 10-1 

6 26 - 31 0.7 - 1.2 1. 92 10-1 

7 32 - 37 369 - 672 KeV 1.05 10-1 
8 38 - 43 202 - 369 5.02 10-2 

9 44 - 49 111 - 202 2.22 10-2 

10 50 - 55 25 - 111 1.44 10-2 
11 56 - 61 5.5 - 25 1.58 10-3 
12 62 - 67 1.2 - 5.5 1.68 10-4 

13 68 - 73 0.28- 1.2 1. 77 lo-5 
14 74 - 79 61 - 275 ev 1.87 1o-6 
15 80 - 89 5 - 61 2.14 10-7 

16 90 - 99 0.41 - 5 5.04 10-9 
17 100 thermal 1.18 1o-1o 

Table 1 Few group energy ranges and the Watt spectrum 

1.11 
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DISCRETE ORDINATESB) 

As its name suggests, this method discretizes the neutron 

transport equation by dealing not with functions at a point but with 

averages of functions over energy, volume, and angular interval. As in 

the theory of multigroup representations of the transport equation, if 

w<:,~,t) is the neutron flux per unit volume, per unit speed, per unit 

solid angle at position ~ with velocity v~ at time t, let w (r,n,t) be 
- - g - -

the average of w over the speed range vg+l/2 to vg_112 • It is convenient 

to use the function N (r,n,t) -
g - - I

vg-1/2 
W (r,n,t) (v l/2 - v l/2) = wCr,vn,t)dV. g - - g- g+ - -

vg+l/2 

The average of N 
g 

over the volume of a mesh cell (denoted 

V } and over the area on the unit directional sphere i+l/2,j+l/2, k+l/2 

denoted w at t = t , is 
m s 

f 
tw 

Ng,s,m,i+l/2,j+l/2,k+l/2 

I 

I 
6r 

N Cr,n,t )dndv 
g - - s 

I drdV 

In this notation, i+l/2, j+l/2, k+l/2, m and g are centred subscripts but 

s is not. 

The transport equation can then be discretized in rectangular 

geometry as follows: if a coordinate system is set up as below, with 

~, n, ~ the direction cosines of the unit direction vector g at ~, 



z 

X 

the difference in the number of neutrons in a volume cell vi+l/2 ,j+l/2 ,k+l/2 

(starting at (i,j,k)) in the direction range w (a finite area on the unit 
m 

sphere about the point r) at times t and t is 
s s+l 

11 

wm(Ng,s+l,m,i+l/2,j+l/2,k+l/2 - Ng,s,m,i+l/2,j+l/2,k+l/2) Vi+l/2,j+l/2,k+l/2/Vg. 

Dimensions of N are numbers of neutrons times speed/unit volume/unit 
g 

solid angle. Thus, the above expression is dimensionless. The number of 

neutrons crossing a cell face in the direction range w in time ~t is the 
m 

product of the average flux at the cell surface, an average cosine of 

* the angle between the surface normal and the neutron direction , the 

angular area, the cell surface area and the time interval. If A i,j+l/2,k+l/2 

is the area of the 'i
1

th' surface of a finite space cell, B the area in the 

j'th direction and C the area in the k'th direction, the flow of neutrons 

into the cell is 

* In rectangular geometry, the volume cells are just cubes so these 
cosines are the direction cosines ~, n, ~-

r 
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wm~m Ai,j+ll2,k+ll2 Ng,s+ll2,m,i,j+ll2,k+ll2 ~t + wmnm Bi+ll2;j,k+ll2 

• Ng,s+ll2,m,i+ll2,j,k+ll2 ~t + wmsm ci+ll2,j+ll2,k Ng,s+ll2,m,i+ll2,j+li2,K ~t. 

For the same direction, the flow of neutrons out of the cell is 

w ~ A. . 12 12 N· I . . I I ~t + m m 1+1,]+1 ,k+l g,s+l 2,m,1+l,J+l 2,k+l 2 

wmnm Bi+ll2,j+l,k+ll2 Ng,s+ll2,m,i+ll2,k+ll2 ~t + 

wmsm ci+ll2,j+ll2,k+l Ng,s+ll2,m,i+ll2,j+ll2,k+l ~t 

. 
where, as before, the above two expressions are dimensionless. 

A source of neutrons produced in the cell per unit volume, 

per unit direction, per unit time is denoted by 

S and the number of source neutrons released 
g,s+ll2,m,i+ll2,j+ll2,k+ll2 

in the cell is 

wm5g,s+ll2,m,i+ll2,j+ll2,k+ll2 vi+ll2,j+ll2,k+ll2 ~t. 

When neutrons collide with materials with macroscopic cross sections cr, 

they are assumed to be removed from the cell and this number is 

wm 0 g,s+ll2,i+ll2,j+ll2,k+ll2 Ng,s+ll2,m,i+ll2,j+ll2,k+ll2 vi+ll2,j+ll2,k+ll2 ~t. 

Equating the time rate of change of the number of neutrons in the cell to 

gains minus losses, the conservation equation for the cell is (after 
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dropping all centred subscripts) 

(N - N )V/v!J.t 
s+l s 

~(A.N, -A. 
1

N. 
1

) + n(B.N. -B. 
1

N. 
1

) 
1 1 1+ 1+ J J ]+ ]+ 

In rectangular geometry, V = !J.x!J.yflz and A. = !J.y!J.z = Ai+l' 1 

N -N N. 
1

- N. N. l-N. N -N s+l s + ll ( 1 ~X l.) + n< J~Y J> + ~( k+~z k)+ N s v llt = 

which is a finite difference approximation of 

1 dN dN aN aN 
v at + ~ ax + n ay + ~ a; + aN s' 

the analytic form of the transport equation in rectangular geometry. 

However, what makes discrete ordinates different from the spherical 

harmonics method is the choice of angular quadrature weights (the break• 

ing up of~, nand s) .. The appendix gives the derivation of a commonly 

used set in cylindrical geometry. 

CTR DESIGNS AND RELATED BLANKET PARAMETERS 

At this time, there are four CTR designs being seriously 

investigated. These are the mirror, the theta pinch, the tokamak and 

the laser pellet concepts. 

Reactions which will drive these fusion devices are 



1. D + T ~ 4 
He + n 

3.5 MeV 14.1 MeV 

2. D + D ~ 3 
He + n 

.82 MeV 2.45 MeV 

3. D+D~ T + H 

1.01 MeV 3.02 MeV 

4. 
3 4 

D+ He~ He + H 

3.6 MeV 14.7 MeV 

Reaction 1 is the fusion reaction of interest for several reasons. There 

is a large amount of energy produced (17.6 MeV) of which 14.1 MeV or 80% 

of ·the reaction energy is transmitted by the neutron. This makes many 

blanket designs feasible since the neutron can be used for energy multi-

plication by fast or slow fissioning (hence more versatility in materials 

choice), or solely for breeding tritium (the Li7 breeding reaction is a 

* higher energy reaction). Also the high energy of this neutron means 

versatility as regards blanket thickness as well as first wall radius. 

On the other hand, damage by atom displacement and radiation in the 

blanket are serious considerations so that fluxes might have to be 

** limited or methods found by which this damage could be lessened. 

The four designs can further be broken into two categories, 

electromagnetic confinement of the plasma and inertial confinement of 

the plasma. Electromagnetic confinement provides magnetic pressure to keep 

the plasma contained. This magnetic pressure can heat the plasma to fusion 

temperature or this can be done by auxiliary means. Inertial confinement 

uses lasers to focus large amounts of energy onto small areas (see Fig. 12). 

* See Fig. 1 for a plot of Li
7

(n,n'a)T cross section. 

14 

** One method of protecting the first wall is to make it porous to some cool
ant such as Lithium thus achieving a thin layer of material to shield 
agsinst pellet debris, gamma-rags and X~rays. 



THE MIRROR REACTOR 

This is a magnetic confinement device. The basic design 

. . . . 5 4) 
~s g~ven ~n F~g. . A charged particle sees a weaker magnetic field 

in the ends or mirror regions. Therefore, the movement of this particle 

tends to be reversed as a result of the increase in field strength so 

the particles are essentially trapped. Because of stability requirements 

however, magnetic coils as shown in Fig. 5 shaped in a 'Yin-Yang' design 

are being investigated. As seen in this figure, the blanket geometry 

would be nearly spherical. Design parameters are also given in this 

* figure. Spherical designs examined in this report are probably too 

~* 
small to be used with such a design. 

THE THETA-PINCH REACTOR 

Figure 6 shows a basic design of the theta-pinch (TP) con-

f
. . 4) 
~gurat~on • The current flows in the peloidal or 'theta' direction which 

results in a 'pinch' effect that confines and heats the plasma The fusion 

power density is 44 times greater, and more importantly, the fusion power 

output is 5 times greater than a mirror 'Yin-Yang' design. Thus, while 

the mirror design will probably only find applications as a small power 

15 

* In these tables, 'neutron wall-loading' is the energy flux of the fusion 
neutrons incident on the first wall of the blanket and is a measure of the 
fusion neutron source strength normalized to the area of

2
the first wall. 

With 14.1 MeV neutrons produced by D-T fusions, a 1 MW/m neutron wall 
leading is equivalent to a fusion neutron source of 4.43 1ol3 n/c~/sec 
at the first wall. 

** Many of the results listed in this report are for a unit 14.1 MeV neutron 
point or line source. Hence, obtaining a source strength from given first 
wall, loading values and then doing an appropriate scaling of this reports' 
findings is possible. 
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Parameter 

(a) 
:plasma:~volume 

ion density (b) 

mean ion energy (c) 

mean electron energy 

central field 

mirror field 

fusion power density 

fusion power output 

Value 

130 m3 

1.2 10
14 I cm3 

610 KeV 

80 KeV 

50 kG 

150_ kG 

4.5 MW I m3 

590 MW 

fractional burnup (d) 
8 ' 

confinement time 

neutron wall loading 

fuel feed rate (e) 

3.1 s 

1.6 MW I m2 

5.6 1021 1 s 

(a) the volume is nearly spherical 

(b) equals amounts of deuterium and tritium 

(c) the mean energies of D and T are not the same; this 
figure is an average of the two 

(d) approximately 6% of the deuterium and 10% of the tritium 
undergo fusion 

(e) fuel is injected at the relative rate DIT = 1.6 

Table ~ Operating parameters for a mirror reactor 
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Parameter 

radius of first wall 

plasma radius at start of burn 

plasma radius at end of burn 

major radius of torus 

plasma volume at start of burn 

density at start of burn (a~ 

fractional burnup 

fusion power density (b) 

fusion power output (b) 

neutron wall-loading (c) 

Value 

50 em 

11.3 em 

20.0 em 

56 m 

14.1 m3 

2.5 1016 I cm3 

4.8% 

200 MW I m3 

2820 MW 

2 MW I m2 

(a) the ion density consists of equal amounts of deuterium 
and tritium 

(b) based on the plasma volume at start of burn and a 10-sec 
cycle time 

(c) based on a first-wall radius of 50 em and a 1 O-see cycle -:: 
time 

Table 3 Operating parameters of the theta-pinch reactor 
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Parameter 

···-· . :cavity radius (a) 

laser energy (b) 

fusion energy release 

cavity pulse rate 

neutron wall-loading (c) 

number of cavities (d) 

fusion power output 

(a) spherical geometry 

Value 

1. 7 m 

1 KJ 

100 MJI microexplosion 

1.2 I s per cavity 

2.6 MW I m2 

24 

2880 MW 

(b) the laser energy is delivered by a co2 laser system 
with eight beams 

(c) based on a cavity radius of 1.7 m~ a fusion energy 
release of 100 MJ per pellet microexplosion and a 
cavity pulse rate of 1.2 shots per sec per cavity 

(d) a single laser system serves all 24 cavities 

Table lto Operating parameters for a wette<t-wall laser
pellet reactor 
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unit, the theta-pinch reactor holds promise as a large power producer. 

It is expected that TP reactors will be toroids and the first wall 

radius (see Fig. 6) suggests a blanket thickness of about 1 meter. 

Because of the high power densities, cycle times (the time for one heat-

ing, fusion and cooling of the plasma) of the order of ten seconds and 

a layer of neutral gas between the plasma and first wall are needed to 

decrease radiation damage of the first wall. The toroid major radius 

of 56 meters means large inventories of all materials. Infinite and 

finite cylinder studies done in this report would be applicable to this 

design. 

THE TOKAMAK REACTOR 

This, like the Theta-Pinch Reactor is a toroidal, 

magnetically confined scheme. . f" 7 4 ) An axial current, as shown 1n 1g. , 

is induced in the plasma by a changing magnetizing flux to provide a 

pulsed peloidal magnetic field that works together with a steady 

state toroidal field to confine the plasma. The axial plasma current 

also provides initial ohmic heating within the plasma. In addition, 

this plasma requires a pulsed transverse field to provide control of 

the position of the plasma column. Parameters for this reactor are 

shown in fig. 7. Note the high fusion power output. Again, infinite 

and finite cylinder calculations done here can be applied. 
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Parameter 

plasma radius 

major radius of torus 

plasma volume 

ion density (a) 

ion temperature (b) 

maximum toroidal field (c) 

axial current 

fusion power density 

fusion power output 

fractional burnup 

confinement time 

burn time 

current rise (reversal) time 

purge and reload time 

auxiliary heating power 

fuel feed rate 

. neutron wall-loading 

Value 

2 to 5 m 

10 to 13 m 

830 to 6400 m3 

3 to 5% 

10 to 30 KeV 

80 to 160 kG 

8 to 21 MA 

0.7 to 2.0 MW I m3 

1000 to 5000 MW 

3 to 9\ 

several to tens of sec 

hundreds to thousands 

10 to 100 sec 

30 to 60 sec 

10 to 100 MW 

2 to 4 1022 I sec 

1 to 4 MW I m 
2 

of 

(a) the ion density consists of equal. amounts of deuterium 
and tritium 

sec 

(b) the electron and ion temperatures are essentially the same 
(c) this maximum in field strength occurs in the coil winding 

Table 5 Operating parameters for the Tokamak reactor 
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THE LASER-PELLET REACTOR 

This type of reactor employs inertial confinement by 

laser light. Theory suggests that symmetrical illumination would lead to 

high pellet compression ratios (ratio of compressed core density to nor-

mal solid density). In this design, the fusion reaction in the pellets 

occurs as follows. A precursor to the main laser wave front vaporizes and 

then ionizes the surface of the pellet. After this, the main front arrives 

and heats the remaining core centre which causes fusion reactions to begin 

right at the centre of the pellet core. The alphas from these reactions 

are attenuated rapidly in the highly dense centre and cause heating that 

lets the fusion reaction spread out over the remaining core. The two 

spherical blanket designs studied in this report had this type of reactor 

in mind. F . 64 ) . . f h" d . 1gure · l1sts operat1ng parameters o t 1s es1gn. Note the 

high fusion power output which necessitates protecting the first wali by 

long cycle times or other means. One other means is to use a 'wetted-

wall' concept where the first wall is porous to the coolant flowing on 

the outer side (probably liquid lithium). The thin layer of lithium 

* would protect the first wall from X-rays and pellet debris. The layout 

of this design is given in Fig. 6
4
). Note the blowdown chamber required 

for spent plasma removal. This chamber would be small enough that 

blanket neutronics would not be seriously affected. 

* However, large numbers of alpha particles from the lithium breeding 
reactions would be created that would deposit high amounts of heat in 
the first wall due to the rapid attenuation of the alphas. 
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LITHIUM CONSIDERATIONS 

The fuel cycle which will be studied in this report 

is a deuterium-lithium cycle; that is, deuterium and lithium are the 

primary fuels. Tritium can be bred within a blanket surrounding the 

reaction chamber by one of two reactions: 

.6 ( ) 4 L1 + n slow ~ T + He 

Li
7 + n(fast) ~ T + 

4
He + n ~ 2.5 MeV. 

In addition, the lithium is an effective moderator and 

biological shield. For this reason, the designs in this report use an 

outer, relatively small, 'mopping up' region composed of lithium plus 

structure. While effectively stopping most of the low energy flux, this 

region does provide some tritium breeding and might prove'to be a neces-

sary region for making tritium breeding greater than 1 in some designs. 

Graphs of relevant Li6 and Li7 cross sections are given in Fig. 1. 

Since the lithium is also assumed to be the first wall coolant in this 

report, it must compete with parasitic absorption reactions in the 

structural materials. The Li7 (n,n'a)T has an energy threshold at 

approximately 2.5 MeV and therefore competes with neutron downscattering 

processes such as elastic scattering, inelastic scattering and (n,2n), 

(n,3n) reactions. ((n,3n) reactions were not considered in this report 

since the processing code SUPERTOG available here did not take them 

into account. The Li6 (n,a)T reaction becomes 1/v below approximately 

28 
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0.3 MeV and so lithium, enriched in Li6 , might be used in the final 

'mop-up' layer. 

There is a problem with the magnetic confinement · 

schemes outlined earlier as regards pure lithium as a coolant. The 

area around the first wall has high power densities with these schemes 

and natural lithium has a high electromagnetic conductivity. This 

means that pumping in this region is a problem. A compound called 

l "b 3) . F 1 e made of Be, F, and Lithium has been suggested to counter th1s 

problem. It does not have the same high e-m conductivity. However, 

breeding rates have been reported as significantly less using this 

compound. Studies however, on just this pumping problem, report that 

these losses can be overcome with proper placement of the coolant 

channels and other means and so natural lithium should not be dismissed 

as a coolant on these grounds alone. 



BLANKET MATERIALS 

This section will deal briefly with various wall

coolants, first wall materials and neutron multipliers. 

WALL COOLANTS 

Liquid lithium is the primary choice because of its 

tritium breeding capabilities. Although very corrosive, it can be con

tained at high temperatures by pure iron, Nb or Mo. A big disadvantage 

is its high electrical conductivity. However, e-m resistance to Li 

flow decreases away from the first wall where power densities are highest 

so proper designing might make Li usable throughout the blanket. 

Water is a good coolant and a good neutron moderator. 

Its low critical temperature and high vapour pressure imply low blanket 

temperatures. Thick stainless steel tubing (or another similar material 

such as Zr-2} would be needed to contain it making moderation high in a 

water cooled region (see Neutronics Calculations} • Another problem is 

the exchange of H and T after diffusion through tube walls in, say, a 

region where tritium was being bred. 

FIRST WALL 

This is a highly important structure as a wall for the 

blanket, for heat transfer and to a far lesser extent, as a neutron mul

tiplier. It needs to have high thermal conductivity and a low vapour 

pressure at temperatures around 1000 degrees Kelvin (since metal atoms 
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vaporized into the plasma can cause severe energy losses by Brehmstral-

lung in the magnetically confined plasmas). Resistance to corrosion 

as well as a low neutron capture cross-section are other important 

desired properties. 

Refractory metals pretty well fill the bill. They have 

better high temperature properties than any other materials. Tungsten, 

Mo and, to a lesser extent, Nb have good (n,2n) cross-sections for 14-

MeV neutrons. With proper designing, the (n,2n) multiplication can out-

weigh the capture in the first wall (see figs. 8 and 9 for findings of 

this report). Disadvantages of these metals is their brittleness at 

room temperature and hence fabrication difficulties. 

Other first wall materials are stainless steel, nickel, 

* graphite and other special compounds. 

NEUTRON MULTIPLIERS 

To create a greater supply of breeding neutrons, it has 

been suggested that fissile material placed near to the first wall be 

d ( . 238 239 . . h . h f ) use mater1als such as U or Pu to ut1l1ze t e h1g energy lux • 

One of the spherical designs in this report (design number2) uses a 

CANDU fuel bundle with u238o
2 

pellets next to the first wall. Other 

reports have suggested thorium or uranium metal as well as carbides such 

as UC or ThC so that extra structural support would be obtained. 

* INOR-8 was developed to resist fluoride corrosion. 
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.NEUTRONICS CALCULATIONS 

The basis of these studies was to study the effect in 

blankets of o2o cooled CANDU fuel bundles with Th0
2 

fuel elements. 

The elements, overall bundle design and specifications are given in 

F . 811). 
~g. 

Three infinite cylindrical blanket designs were studied. 

These designs varied by position and number of fuel bundles in the cylin-

drical shell blanket. ANISN also has an option for .finite geometry cor-

rections and so a particular finite design was chosen and run for com-

parison. This finite model is listed in Fig. <\ • Time studies were run 

on the third infinite cylinder design and on two spherical designs. 

Basic blanket configurations are given in Fig. 10. · Number densities 

used in all designs are given in Table 6. These designs do not include 

a right hand biological shield. The effect of this was approximated by 

an energy independent albedo of 0.32. 

An important aspect of the blanket is that it produces 

enough tritium (greater than ~1.15 per unit neutron source} to sustain 

the fusion reaction. Lithium breeding rates are shown for the five 

* designs in Figs. 11-1~. A summary of the breeding rates in the relevant 

zones by design is given in Table 1 The thermalizing effect of the 

u238o
2 

bundle in SDl and SD2 as well as the Th0
2 

bundle in CDl** have a 

* In these figures, as for all other reactions, the reaction rate is 
based on assuming a steady production of one 14.1 MeV neutron per second 
per unit length of plasma\ in the cylindrical systems and one 14.1 MeV 
neutron per second in the plasma of the spherical systems. 

** Spherical design 1, spherical design 2 and cylindrical design 1. 
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Cylindrical Design 1 

Plasma I Vacuum 

rad. 0 150 

zone 1 2 

intervals 1 4 

Cylindrical Design 2 

Plamsa I Vacuum 

rad. 0 150 

zone 1 ,, 2 

intervals 1 4 

Cylindrical Design 3 

Plasma I Vacuum 

rad. 0 150 

zone 1 2 

intervals 1 4 

Figure 10 (a) 

(CD1) 

I Nbl1bu~J 94 % Li I graphite I 94\ Lil 
6 % Nb 6% Nb 

200"200.5 <201 207 264 294 300 
~, .. 

3 4 5 6 7 8 9 10 

3 3 10 10 10 10 15 6 

(CD2) 

NbiNb 1 94 % Li I Th I graphite 194\Lil 
6% Nb bundle 6% Nb 

200 200.5 201 258 264 294 300 

3 4 5 6 7 8 9 10 :11 

3 3 10 10 10 l6 10 15 3 

(CD3) 

INb I Nb I 94 % Li I Th I Th I Th I graphite 194• Lil 
6 % Nb bundle bundle bundle 6% Nb 

200 200.5 201 246 252 258 264 294 300 

3 4 5 6 7 8 9 10 11 12 

3 3 10 10 10 10 10 10 15 4 

Basic Blanket Layouts See Fig. 13(b) for remaining layouts. 
w 
1.11 



Spherical Design 1 (SD1) 

Plasma I Vacuum INb Nbl 94 % Li 
6 % Nb 

rad •. or 2 100 100.5 101 

zone 1 2 3 4 5 6 7 

intervals 1 5 4 4 10 10 10 

Spherical Design 2 (SD2) 

Plasma I Vacuum INb INb[ u I 94% Li 
bundle 6% Nb 

rad. 0 2 tOO 100.5 101 107 

zone 1 2 3 4 5 6 7 

intervals 1 3 3 3 10 10 10 

Figure 10(b) Basic Blanket~Layouts 

I Th 
bundle 

Th I 
bundle 

158 164 170 

8 9 

10 10 

lTh undle bun~le l 
158 164 170 

8 9 10 

10 10 10 

graphite 194• Li 
6% Nb 

185 200 

10 11 

10 10 

graphite 194% Li 
6% Nb 

185 200 

11 12 

10 10 

w 
0\ 



In the fuel bundle 

Th 
0 16 

D 
c12 

Zr-2 

8.08 
3.03 
2.83 
3.18 
2.79 

10-3 I cm3 

10-2 I cm3 
10-2 lcm3 
10-3 I cm3 
1o-3 I cm3 

94% Li - 6% Nb region 

First Wall 

Nb 

Graphite 

3.07 
3.80 
3.34 

5.56 10-2 I cm3 

8.03 10-2 1 cm3 

37 

(includes contributions from D20 & Tho2) 

( from stainless steel and carbon spacers) 

based on CRC Handbook compositions 
of natural lithium as 7.42 wiO Li6 , 
92.58 wiO Li7 

Table 16 Number densities used in ANISN ( times 10-24 ) 
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CD1: reaction rates per unit 14.1 MeV neutron/s per unit plasma length 

Zone T6 \ ofT T7 \ of T T \ ofT 

6 0.341 32 0.182 17 0.523 49 
7 0.184 17 0.067 6 0.251 23. 
8 0.214 20 0.031 3 0.245 23 

10 0.049 5 0.001 0.1 0.050 5 

0.788 74 0.281 26 1.069 

C02: reaction rates per unit 14.1 MeV neutron/s per unit plasma length 

Zone T6 \ of T T7 \ofT T \ of T 

5 0.288 21 0.336 24 0.624 45 
6 0.238 17 0.143 10 0.381 27 
7 0.207 15 0.063 5 0.270 19 
8 0.062 4 0.004 0.3 0.066 5 

11 0.056 4 o.ooo o.o 0.056 4 
. 

0.851 61 0.546 39 1.397 

CD3: reaction rates per unit 14. 1 MeV neutron/s per unit plasma length 

Zone T6 \ofT T7 \ of T T \ of T 

5 0.237 20 0.285 24 0.522 44 
6 0.210 18 0.143 12 0.353 30 
7 0.209 18 0.073 6 '·. 0.282 24 

12 0.025 2 0.001 0.1 0.026 2 

0.681 58 0.502 42 1.183 

SD1: reaction rates per unit 14.1 MeV neutron/s 

Zone T6 % of T T7 \ofT T \ of T 

5 0.215 17 0.302 24 0.517 40 
6 0.218 17 0.168 13 0.386 30 
7 0.235 18 0.082 6 0.317 25 

11 0.055 4 0.005 0.4 0.060 5 

().723 56 0.557 44 1.280 

Table 1 (a) Tritium breeding rates. See Table 6(b) for 
breeding rates for SD2 
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SD2: reaction rates per unit 14.1 MeV neutron/s 

Zone T6 % of T T7 % of T T % of T 

6 0.265 26 0.171 17 0.436 42 
7 0.202 20 0.097 9 0.299 29 
a 0.196 19 0.050 5· 0.246 24 

12 0.043 4 0.003 0.3 0.046 4 

0.706 69 0.321 31 1.027 

Table l(b) Tritium breeding rates for spherical design 2 



dominant effect on the breeding rates. It can be seen from Table 6 that 

although T
6 

is much higher in the area immediately to the right of the 

bundle, the subsequent a~eas are much lower. Thus, while the bundle does 

a good job of thermalizing, it also absorbs a large amount of the neut~ons. 

Figures 15-1~ amply demonstrate this. These are the flux maps. In 

particular, a comparison of COl and C02 as well as SOl and S02 is in 

order. It can be seen in, say, the map for COl that the group fluxes of 

largest magnitude, groups 1 and 22 and hence all the upper group fluxes 

are reduced by a factor of approximately 0.7 in the 94%Li-6%Nb region 

of the blanket. However, the much lower in magnitude low energy fluxes 

are comparatively quite a bit higher in magnitude in COl as for example, 

the group 76 130 ev flux. The thermalizing effect of the bundle can be 

put to good use however, on the right hand side of the main 94%Li-6%Nb 

region. In this case, the thermalization plus absorption effects mean 

higher Li6 breeding rates to the immediate left of the bundle as well 

as an effective shield for neutrons escaping the system. This is further 

evidenced by the fact that adding extra bundles lowers the breeding rate 

but not to the extent that the breeding volume has been reduced. 

Cylindrical design 3 has 3 bundles next to the graphite region while C02 

has 1. The drop in breeding rates is .85 or 15% while the corresponding 

* drop in available breeding volume is .77 or 23%. It can be seen on 

any of the lithium reaction rate graphs how sharply increasing T6 is 

* It must be noted that in CDl, CD2 the bundle thickness is somewhat 
misleading and inaccurate. The 6 em thickness was first used to describe 
a stacking like this %%%% . Hence, two or more bundles will each have an 
effective thickness of about 6 em. The actual bundle diameter is 7.62 em 
so calculations using a single bundle will have slightly higher breeding 
rates as well as other differences as a result. 

45 



() 
(l) 
(/) 

N 
~ 
CJ 

.......... 
s:::: 

X 
==' r-i 
~ 

Figure 15 Flux Spectra: Cylindrical Design 1 
10- 2 

10-4 

10- 5 

no fission contr· ution 

fission-contribu ion 

first wall 

Th bundle 

Lithium-Niobium 

. . 
····· .. :sroup 7 6 

group 94 1.44 eV 

Graphite 

14 MeV 

200 210 220 230 240 250 260 270 280 290 

radius (em) 

46 

s ..... 
.0 
0 ..... 
z 

9 ..... 
.c: 
.f-1 ..... 
..:I 

300 



47 

Figure 16 Flux Spectra: Cylindrical Design 2 
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Figure '\~ Tiux Spectra: Spherical Design 1 
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Figure 19 Flux Spectra: Spherical Design 2 
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near to a moderating region on the right (graphite). This displays the 

1/v variation of Li6 (n,a.)T cross section at lower energies. Having 

bundles on the right instead of the left of the main breeding region 

benefits T7 because of its dependence on high energy neutrons. Full 

evidence of this is seen in Table 6. The addition of the u238o2 bundle 

in S02 causes a 42% drop in T
7

• The addition of two extra bundles in 

C03 from C02 causes T
7 

to drop by 8%. 

It should be the case that part of the graphite region 

can be effectively replaced by bundles. This might be done in cases 

when the effect. of a bundle near the first wall is desired for then 

the tritium breeding rate could be boosted by creating more breeding 

volume while retaining the same moderating effects.similar to the graphite. 

In a blanket not designed for energy multiplication, the additional ther-

mal neutrons in the bundles would cause unwanted fissioning at the 

* . 233 ,~ . 
expense of breed1ng U . 'Th1s effect can be seen in the thorium reac-

tion rate curves given in Figs. 21-23. In the graph of COl Th reaction 

rates, (n,y) is definitely less than absorption chiefly because of the 

higher fission rate. However, in C02, the curves of absorption and 

(n,y) are virtually identical meaning higher breeding efficiency. The 

addition of more ~undles in C03 does not change C02 results in this 

regard a lot, but the fission rate is understandably higher while the 

average absorption and (n,y) rates are lower and more separated. The 

relative magnitude of the (n,3n) reaction should be noted in Fig. 26. 

* See Fig.10 for a plot of u233(n,fission) as a function of time. 
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Figure 2~ Cylindrical Design 3: Thorium Reaction Rates in the Bundles 
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Unfortunately, it did not enter explicitly into the ANISN calculations 

of the flux. With the bundle positioned as in CDl, the effect should 

be very significant. Perhaps one of the reasons the CANDU fuel bundle 

did not turn out to be a good neutron multiplier is that this effect 

was not taken into ~ccount. 

First wall reaction rates follow this same pattern. 

Figures 24,25&26show the niobium reaction rates in CDl,CD2& CD3. (n,2n) 

is a desirable neutronic characteristic in a first wall and the wall 

should not remove a large portion of the flux. The presence of the Th 

bundle next to the first wall causes the absorption to raise significantly 

until the wall actually becomes a net remover of neutrons for part of its 

length. Note that the (n,2n) reaction rate does nqt change perceptibly 

with this thermalization. Thus, absorption and (n,2n) are not competing 

reactions in niobium in this case since most of the extra absorption 

comes from absorbing the backscattered lower energy neutrons from the 

bundle. See also Tables .8, .<t and 10 showing the spectrum at the first 

wall for CD3, SDl and SD2. Note the higher percentages in the lower 

k . 2 d . 1 . 11" . . h 238 
eV ranges ~n SD ue to ~ne ast~c co ~s~ons ~n t e U . 

Table11 shows the effect of a finite geometry (buckling 

correction) and void correction (both are options with ANISN) on CD3. 

Listed are the discouraging breeding rates as well. The finite cylinder 

lengths were patterned after a design in a paper by Maniscalco, the 

design being shown in Fig. 12. 
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Groups -
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 

Table S 

% of Flux Energy Range 

37.01 13.5 - 14.9 MeV 
3.00 7.4 - 13.5 
2.08 4.1 - 7.4 
2.68 2.2- 4.1 
4.62 1.2- 2.2 
7.32 0.67- 1.2 
9.32 369 - 672 KeV 
5.08 202 - 369 
9.56 111 - 202 

13.09 25- 111 
4.77 5.5 - 25 
1.30 1.2 - 5.5 
0.16 0.28 - 1.2 
0.01 61 - 275 eV 
0.000 5.0 - 61 
o.ooo 0.41 - 5.0 
o.ooo thermal 

Flux spectrum at the first wall for spherical design 1 

0\ 
0 



y 

Groups % of Flux Energy Range -
1 16.54 13.5 - 14.9 MeV 
2 1. 98 7.4 - 13.5 
3 2.01 4.1 - 7.4 
4 3.56 2.2 - 4.1 
5 5.71 1.2 - 2.2 
6 8.14 0.67- 1.2 
7 8.21 369 - 672 KeV 
8 7.83 202 - 369 
9 7.61 111 - 202 

10 17.27 25 - 111 
11 11.39 5.5 - 25 
12 6.08 1.2 - 5.5 
13 2.42 0.28- 1.2 
14 0.84 61 - 275 ev 
15 0.31 5.0 - 61 
16 0.06 0.41 - 5.0 
17 0.02 thermal 

Table <\ Flux spectrum at the first wall for spherical design 2 

0'1 .... 



Groups -
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 

Table ~0 

t of Flux Energy Range 

21.74 13.5 - 14.9 MeV 
4.22 7.4 - 13.5 
2.22 4.1 - 7.4 
3.07 2.2- 4.1 
5.79 1.2- 2.2 
9.34 0.67 - 1.2 

11.56 369 - 672 KeV 
6.23 202 - 369 

11.34 111 - 202 
16.36 25 - 111 
6.16 5.5 - 25 
1. 72 1.2 - 5.5 
0.23 0.28- 1.2 
0.02 61 - 275 eV 
o.oo s.o - 61 
o.oo 0.41 - 5.0 
o.oo thermal 

Flux spectrum at the first wall for the infinite cylinder 

0\ 
N 



Groups 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 

Zone T6 

5 0.0795 
6 0.0847 
7 0.1123 

12 0.0141 

0.2906 

Table 1'\ 

63 

\ of Flux Energy Range 

35.28 13.5 - 14.9 MeV 
5.20 7.4 - 13.5 
2.74 4.1 - 7.4 
3.61 2.2 - 4.1 
6.46 1.2 - 2.2 
9.31 0.67 - 1.2 

10.03 369 - 672 KeV 
4.70 202 - 369 
7.98 111 - 202 

10.18 25 - 111 
3.43 5.5 - 25 
0.92 1.2 - 5.5 
0.13 0.28- 1.2 
0.02 61 - 275 eV 
0.001 5.0 - 61 
0.000 0.41 - 5.0 
o.ooo thermal 

% of T T7 % of T T % of T 

18 0.0907 21 0.1702 39 
19 0.0484 11 0.1331 t 30 
26 0.0100 2 0.1223 28 

3 0.0004 0.1 0.0145 0.3 

66 0.1495 34 0.4401 

Flux spectrum at the first wall and breeding rates 
for the finite cylinder calculation. See also 
Table 6 for comparative breeding rates. 



TIME STUDIES 

Isotope changes with respect to time were studied for 

the two spherical designs as well as for CD3. A complete decay chain 

. 1 ' 1 ' d Th232 . h ' . 27 1nvo v1ng nuc e1 aroun 1s s own 1n F1g. • However, many of 

these isotopes are not significantly built up over the time steps used 

in this report (two to three years) and so, to make the study more prac-

tical, the following decay chain was studied: 

232 (n,y) Th233 
90Th -+ 90 

a "' 22.1 m 

232 {n,2n) 233 (n,y) 234 
91Pa + 91Pa -+ 91Pa 

- -s "' 1. 32d a "'27. 4d s + 6.66h 

{n,2n) 
+ 

(n, 2n) 
+ 
-+ 92 

(n,y) 

234 
u 

92 t 
~----------------------·-------

(n, 3n) 

Differential equations were set up and solved analytically to follow 

h b h 
. h232 233 233 234 

t e e av1our of T , Pa , U , and U 

32 232 
If Th {r,t) denotes the concentration of Th at 

timet, position r in the blanket, similarly for Pa33 (r,t), u34·(r,t), 

33 
and U (r, t), 
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Figure 27 Decay Chain Around Th232 
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~ Th32 ( ) dt r,t fro Th Th Th Th 32 * 
- (an,y(E) + an, 2n(E) +an, 3n(E) +af (E))<f>(r,E,t0 )Th (r,t)dE 

0 

00 co 33 
d 33 32 I Th 33 I (aPa (E) dt Pa (r,t) =Th (r,t) an,Y(E)<f>(r,E,t0)dE-Pa (r,t) 

0 0 
n,2n 

Pa33 Pa33 . Pa33 1 a 
3 

(E) + a (E) + af (E))<f>(r,E,t
0

)dE + 
~ 33 n, n n,y 
Pa 

co Pa33 
d~ u34 (r ,t) 33 I = Pa (r ,t) a (E)<f>(r,E,t

0
)dE 

0 
n,Y 

co 
0

34 34 34 
0

34 
- u

34
cr,t) J <a 

2 
(E) +a

0 
3 

(E) +a
0
f (E) +a (E))Ijl(r,E,t

0
>dE 

0 
n, n n, n n,Y 

33 oo u33 
+ u (r,t) J a (E)<f>(r,E,t

0
)dE 

0 n, 

33 ** co 
d 33 
dt U (r,t) = Pa (r,t) 

T 
Pa33 

34 
+ U (r,t) J 

0 

33 
co 

0
33 

0
33 33 

0
33 

- u (r,t) J <a 
2 

(E) +a 
3 

(E) +a
0
f (E) +a (E))<f>(r,E,t0 )dE. 

0 
n, n n, n n,y 

+ 

Note that in order to make a meaningful time study of the nuclide concen-

trations, values of neutron fluxes actually present in the blanket should 

be used. The values used in the calculations were based on total neutron 

source strengths of 4.55 x 10
16 

n/s per unit length
6

) for the cylindrical 

19 6) 
design and 6.28 x 10 n/s for the spherical designs. Short lived 

233 234 
8-decays of Th and Pa were considered instantaneous in the equations above. 

* 

** 

The 'to' in the above equations reflects the fact that the flux <f>(r,E,t) 
is assumed constant over a time step t 0 to t

1
• 

233 
- mean lifetime of Pa = 39.53 days. 



Figures 28-35 show the distribution of these isotopes in the 

bundles for SDl and SD2. The discontinuities at the interface of the 

bundles are a result of having to volume average the concentration (by 

interval volume) over each bundle to run ANISN and hence the average 

concentration for each bundle is different. Also readily noticeable is 

the higher concentrations in SDl of all isotopes due to the larger fluxes 

present. 

All of the isotope concentrations increase as radius increases 

due to the decrease in removal by (n,2n), (n,3n), (n,f) and the thermaliz-

ing effect of the bundle and graphite. Shapes of the concentration curves 

are accentuated in SD2 (notice u234
) because of the longer times needed 

to build up equivalent inventories in the bundles. 
233 

The Pa curves are 

comparatively flat since its source is Th
232 

which stays essentially 

constant over the bundles and since a large part of the removal of this 

33 n 
isotope is by B-decay which is not a function of radius (see Pa (r,t) eqt • 

b ) h . fl . . h 233 . h l a ave . T 1s atness 1n t e Pa curve also contr1butes to t e avera l 

233 * 
flatness of the U curve for the same reason. The curve is flatter in 

SDl primarily because removal by (n,y) is not so prevalent (see figs. l-4 

f t . 1 ) 0 h th h d p 233 "b 234 or cross-sec 10n p ots . n t e o er an , a contr1 utes to U 

** buildup only through an (n,y) reaction which is preominantly a lower 

energy reaction. 233 
Thus, the contribution from Pa also leads to a flat-

tening of the curve in SD2. 
234 

The larger variation in the U curve in SDl 

233 *** is due to increased dependence on u (n,y) for its existence. 

* It must be remembered that these plots use a logarithmic scale fox the 
ordinate and so flatness is accentuated. For a better idea of shapes, 
see figs. 36 and 37. 

67 

** h 
. 233 234 . 

T e mean l~ves of Th and Pa were cons~dexed short enough fox the time 
steps used that production of Pa 233 was assumed to be by Th232 (n,y) and pro
duction of u234 was contributed to by Pa233 (n,y)~ See decay chains above. 

*** u233 
concentration varies much more through the bundles than does Pa

233 

concentration. 
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The higher overall energy of the spectrum in SDl has the 

d . d f 'b . 232 233 232 8- 232 1sa vantage o contr1 ut1ng to U production via Pa (n,2n)Pa + U 

233 . 233 
as well as the U (n,2n) react1on. The U (n,2n) reaction rate is given 

* in Fig. 38 238 
As expected, the design with the extra U bundle yields 

232 
less U . Differences of these two reaction rates between SDl and SD2 are 

approximately 20% in the first bundle and approximately 25% in the second 

bundle. 
238 

(A measure of the effect that the U o
2 

bundle has on the total 

system is to compare the total absorption for the systems as calculated by 

ANISN. For a unit 14.1 MeV neutron source, SDl absorbs 1.37 neutrons 

while SD2 absorbs 1.71 neutrons with a difference of 20%. Differences 

232 
such as these are significant when dealing with the radioactive isotope U 

These calculations were made with the u233 
concentration approximately 3% 

of the initial Th concentration.) 

Comparison of the times for u233 concentration to reach 

approximately 3% of initial Th concentration is given in Tables11,13,1~ 

for CD3, SDl and SD2 respectively. The values for CD3 are for an infinite 

cylinder and the source chosen was probably not representative of a typical 

** source for this configuration. The source used in the SDl and SD2 calcu-

19 5) 
lations was 6.28xl0 n/sec. This was obtained from a paper by Booth • 

A value for a pellet design of approximately the same dimensions was given by 

19 
Steiner as 4.2x 10 n/sec which is a 33% difference. These differences mean 

that figures obtained in this report are only ball park figures and good only 

for studying overall behaviour rather than specific magnitudes. Times for 

u
233 

concentration to reach approximately 3% of initial Th concentration were 

*** 
720 and 810 days for SDl and SD2 respectively. The difference is 11%. 

233 234 d 233 . 
U , U an Pa product1on for the system is-given in'Figs. 39-41. 

. 233 
* Because of the overall higher concentration of U with time, this will be 
the main contributor to u232 buildup. 
** 
*** 

The source was based on reference designs given in ref. 6. 

Difference in overall absorption for the two systems was 20%. 
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Time Th232 Pa233 0234 0233 \ Loss 

0 100. o. o. o. 0. 
360 99.75 0.03 0.001 0.20 0.02 
720 99.50 0.03 0.005 0.43 0.04 

1080 99.25 0.03 0.01 {).67 0.05 
1440 (3.94 yrs)98.99 0.03 0.02 0.90 0.07 

source = 4.55 

Table '\'2.. 

10 16 n I LFTF, Maniscalco 
6) 

) em - s 

Percentage of initial thorium inventory 
for infinite cylinder design 3. 
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Time (days) Th232 233 
0 234 0 233 Pa % Loss 

0 100. o. o. o. o. 
90 99.57 0.16 0.004 0.240 0.026 

180 99!11 0.19 0.02 0.63 0.06 
270 98.64 0.19 0.03 1.05 0.09 
360 98.16 0.19 0.06 1.46 0.13 
450 97.68 0.19 0.09 .1.87 0.17 
540 97.20 0.20 0.13 2.27 0.21 
630 _96.72 0.20 0.17 2.67 0.24 
720 (1.97 yrs)96.23 0.20 0.22 3.07 0.29 

source = 6.28 1019 n/s (Booth 
) ~ Steiner 4 > ) 

Percentage of initial thorium inventory in 
spherical design 1 
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Time (days) Th232 Pa 
233 

0
234 233 u \ Loss 

0 100. o. o. o. o. 
90 99.61 0.14 0.003 0.22 0.02 

180 99.22 0.16 0.01 0.57 o.os 
270 98.82 0.16 0.03 0.92 0.07 
360 98.43 0.16 0.05 1.28 0.09 
450 98.02 0.16 0.07 1.63 0.12 
540 97.61 0.17 0.10 1. 98 0.15 
630 97.21 0.17 0.13 . 2.32 0.18 
720 96.80 0.17 0.16 2.67 0.21 
810 (2.2 yrs) 96.38 0.17 0.20 3.00 0.25 

source= 6.28 10 19 n/s ( Booth ) , Steiner 4) ) 

Table"''t- Percentage of initial thorium inventory in 
spherical design 2 
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Figure Sct Cylindrical Design 3: Isotope Inventories 
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Figure 40 Spherical Design 1: Isotope Inventories 

10
8 ~------------------------------------------~ 

Th232 

10
7 ~-------------------------------------

0 90 180 270 360 450 540 630 720 

days 



85 

Figure 41 Spherical Design 2: Isotope Inventories 
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CONCLUSION 

Basic aspects of blanket designs have been examined. 

Neutronics calculations of various designs and a simple time study to look 

233 232 
at U breeding as well give an indication of U buildup was carried 

out. The analysis used was brief and the figures obtained are only expec-

ted to be ball-park figures. 

It was shown that the CANDU 19 element fuel bundle studied 

in this report with o
2
o coolant has a thermalizing as well as absorbing 

influence on the blanket as a whole. However, this is not necessarily bad. 

1 . dl . h 238 11 h f' 11 . P ac1ng a bun e w1t U o
2 

pe ets next to t e 1rst wa means approx1-

l 11 . f 233 . h h 3 1 b h mate y % more t1me or U concentrat1on to reac t e % leve ut t e 

232 . 
overall rate of production of U is approximately.20% less due to the 

increased thermalization and absorption. 

This higher absorption affected the tritium breeding rate. 

With the u238o
2 

bundle, the breeding rate was calculated as approximately 

1.05 per unit source neutron. This could be increased by moving the bundles 

into regions occupied by graphite in these designs thereby making more volume 

available for tritium breeding. 

If the fluxes do turn out to be of the magnitudes used in 

this report, the CANDU fuel bundle with o
2
o cooling could keep tritium 

b d . bl 1 h '1 . . . . h 232 d . ree 1ng at accepta e leve s w 1 e m1n1m1z1ng t e U pro uct1on. Studies 

with different coolants and materials in this bundle should be made but 

probably not before more accurate design characteristics of fusion reactors 

are known. The use of o
2
o as a coolant and hence use of the CANDU fuel 

bundle in a form studied in this report is, to some extent, questionable 
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because of the expected exchange of deuterium with tritium after tritium 

diffusion into the bundle. This could have a significant effect on 

overall tritium production but the magnitude of such an effect is unknown. 

F 11 . t' ' th L l) ' 1 . h . 1' d o ow1ng a sugges 10n ln e avergne art1c e, us1ng tee n1ques 1ste 

in ref. 7, the bundles could be irradiated in a region that is separated 

by a tritium barrier from the lithium. The bundles also might be cooled 

by high pressure helium as suggested in ref. 7 in order to separate the 

tritium that will unavoidably leak into this area. 

It may be possible to use different types of coolants in 

different parts of the blanket as assumed in this study. With no fuel 

bundle near the first wall, liquid Li might be used there and then o
2
o 

coolant in the bundles further out in the blanket. Studies should also 

be made of using'helium in the bundles for cooling since tritium removal 

from the bundle could be accomplished at the same time. 

It is apparent from the finite cylinder calculations 

that great care and effort will need to be taken to minimize neutron 

losses. 



APPENDIX 

ANGULAR QUADRATURE WEIGHTS FOR USE IN DISCRETE 
ORDINATES CALCULATIONS: CYLINDRICAL GEOMETRY 

One of the terms in the transport equation involves the inte-

gration over all directions of a function of a direction vector n. Doing 

this numerically involves a double integration for which the numerical 

theory is not very advanced. While sets of weights and points exist, 

generally they are not suitable for the integ~ation to be performed here 

since they involve biasing with respect to direction to some extent. The 

actual term in the transport equation that needs evaluating is the follow-

ing term within the brackets: 

J J 
v' t' 

As such, it represents the source S as discussed in the section in 

Discrete Ordinates •. Thus, contributions from all directions to the source 

should contain no biasing whatsoever and it is with this in mind that the 

direction cosines and quadrature weights are developed here. Biased sets 

* can be derived for special cases but this appendix deals only with a 

completely symmetric set. 

Quadrature weights, w , used in the angular integration can 
m 

be looked at as area elements on the unit sphere with integration over all 

directions being integration over the unit sphere. Let ~t' ni' ~t be 

the direction cosines of the unit vector ~i; where 'i' stands for a discrete 

* see LA-3186, p.l6. 
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direction. It is reasonable to require that {~~}, {n~}, {~~} be re~rrange

ments of some basic set {~ }; otherwise, one would obtain different 
m 

numerical solutions depending upon the unit sphere orientations at dif-

ferent points of the space mesh. Thus, invariance with respect to 90° 

axis rotations and reflections about an axis, axes and the origon is 

required. Therefore, only one octant of a unit sphere need be considered. 

Also required, then, are (1) rotational invariance of 2;k, k = 1,2 since 

an octant on the sphere has 3 sides and, (2) inversion invariance about 

the spherical arcs connecting the midpoints and vertices. 

1 midpoint 
an octant ---- -·-----_.,, ' ........ ._ 

<:,X: : . ,:;' 
' I , 

' I "/ 
' I " . ....... ,"' 

sphen.cal ' ..... J,,' t' 
1~ ver; ~ces 

arc ~ 

The integration desired can be written as 

N (R) = f N(R,n>dn = I 
n s 

where p 
s 

now is a certain area on the surface of the unit sphere associated 

with n . 
-s 

If N(R,~) is a unit function, L p = l where the p then are in 
- s s 

s 
units of 4~. Since the directions n can be represented by a single cosine 

-s 

set {~ } (that is, only one direction cosine need be split into discrete 
m 

points or levels) , all that is needed are level weights w with 
m 

wm = I Psm; {psm}m fixed being all areas on the unit sphere associated 
s 

with the cosine ~m For s
6

, an octant looks like 
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and for s
8

, 

Let (~.,~.'~k) represent one of these points. Then i+j+k = N/2+2 in an 
l. J 

SN calculation*. 
2 2 2 

Also, because this is a unit sphere, ~. +~. +~k = 1. 
l. J 

** 
Since i+j = N/2+2-k, letting k -+k+l gives 

2 2 2 
~i + ~j-1 + ~k+l = 1 

and 

2 ,2, 2 
~i-1 + ~] + ~k+l l. 

Subtracting gives 

2 2 2 2 
~. ~. 1 = ~. - ~. 1 

l. ].- J ]-

so that 

2 2 
(m-1)6., 

N 
~ ~1 + m 1 '2' ... 2 m 

2 2 2 2 2 
Substituting this into ~i + ~j + ~k = 1 gives 6. = N-2 (1-3~1 ) . Finally 

matching integration of even powers of ~ gives the remaining conditions 

*** 
(odd powers are properly integrated because of symmetry about ~=0). 

* N, then, is the number of points of the basic set{~} in (-1,+1). 
m 

90 

** 

*** 

and hence i or j must be adjusted in order that i+j+K = ~ + 2 still holds. 

other recipes in LA-2595 and LA-3186. 



Example s6 

The conditions are 

2 2 
112 = 1/2 (1-111 ) 

2 2 2 
113 111 + (1-3111) 

w +W + w
3 

= 1/2 
1 2 

2 2 2 
2 (w 11 + w 2112 + w 11 ) 1/3 1 1 3 3 

4 4 4 
1/5 2 (w 1111 + w 2112 + w 3113) 

and 
6 6 6 

2(Wl111 + w 2112 + w3113) 1/7. 

This is satisfied by 

1 
2 
3 

11. 
l. 

.2666355 

.6815076 

.9261808 

w. 
l. 

.2547297 

.1572071 

.0880631 

I w. = .4999999 
• l. 
l. 

(l) 

Note that this corresponds to an integration over only half of the sphere. 

(The full set would include the negative 11. also). 
l. 

In cylindrical coordinates, two direction parameters are needed; 

say ~ and ~ where ~ is defined by 

11 = ~ sin~ and 

Tl l1-~ 2 cos~ and ~ 

* see reference 8. 

* cose. 
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r::-:::-z 1T If l1 = - v 1-~· , cf> = - 2 (mod 21T) and this is taken as an initial reference 

* direction in the cell. Since N/2 separate sets of cosines are needed in 

** cylindrical geometry , one set is assigned to each ~ level. Therefore, 

*** weights and cosines for s
6 

are (using the values from (1) above), 

lli w. 
]. 

~ level 

1 -.3770795 (=- 11-~32-) 0.0 ~3 = .9261808 

2 -.2666355 .0880631 II 

3 +.2666355 .0880631 " 
4 -.7318110 (=- 11-~ 2) 0.0 ~2 = .6815076 

5 -.6815076 .0786035 " 
6 -.2666355 .0786035 " 
7 +.2666355 .0786035 .6815076 

8 +.6815076 " " 
9 -.9637974 0.0 1;1 = .2666355 

10 -.9261808 .0880632 " 
11 -.6815076 .0786035 II 

12 -. 2666355 . .0880632 II 

13 +.2666355 .0880632 " 
14 +.6815076 .0786035 " 
15 +.9261808 .0880632 " 

* See reference 8. 

** Since cylindrical coordinates use only 1 angular variable, a separate 

92 

set is needed for each I; (or direction cosine in the z direction) value. 

*** The values for the~ levels are just the cosines from (1). The sum of 
all weights at a ~ level should sum to twice_the corresponding weight in 
(1) since these weights are for integration over the total sphere. Notice 
that the ll· (between the initial values) are all from the same set in (1). 

~ 
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