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Preface to FDM-66 and FDM-67

The contents of the FDM-66 and FDM~67 reports are parts of a
Ph.D. thesis entitled, "Calculational Method for Nuclear Heating and
Neutronics and Photonics Design for CTR Blankets and Shields" by
M. A. Abdou under the supervision of Professor C. W. Maynard.

To facilitate the distribution of the FDM reports, the contents
of the thesis is divided into two parts. FDM-66 contains Chapters
1, 2, and 3. These chapters deal with the calculational methods for
nuclear heating and are self-contained. Chapters 4, 5, and 6 are the
contents of FDM-67. Chapter 4 is an investigation of discrete-ordinates
calculational models for fusion neutronics and photonics. Chapter 5
deals with the nuclear design of blanket and shield. The thesis
conclusions and recommendations are given in Chapter 6.

Although each of the two FDM reports are self-contained, cross
reference by chapter is frequently made. Therefore, the pages are
numbered consecutively throughout the two reports. The list of references

and table of contents are given, however, in each report.
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4.1 Introduction

In neutronics and photonics analysis of fusion reactor blankets
and shields the basic problem is calculation of "response" rates. A
response rate generally takes the form

R = J £, @ (E)ab (4.1)

-+

P .
where ZR(f) is the response function, w(ﬁ) is the angular flux, and P

represents a point in the phase space. The previous chapters were de-
voted to calculating ER's of interest; namely, neutron and gamma kerma
factors and group cross sections by reactions. An adequate calculation-
al model for determination of y in the blanket and shield is investigat-
ed in this chapter.

The angular flux, y, is obtained from a solution of the Boltzman
transport equation:

Ly = 8 (4.2)
where L is the Boltzman'operator and S 1is the external.source. Since
exact analytic solution to general transport theory problems>is not pos-
sible a numerical solution of equation (4.2) with the concomittant ne-
cessity of introducing some approximations is the only way to predict
neutron and photon transport. Currently, the'most widely used techniques
for solving the Boltzman equation are the Monte Carlo method for one-,
two-, and three-dimensional and the Discrete-Ordinates method for one~,
and two-dimensional problems. The choice between the two methods is
governed largely by the geometry of the nuclear system. For one-dimen-
sional problems, the discrete-ordinates method is preferred on the ground

of low computational cost, for three-dimensional problems there is no
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practical method other than Monte Carlo, and for two-dimensional prob-
lems each of the two methods has its own merits and drawbacks.

In this stage of fusion reactor design, the view is that steady-
state fusion reactors will be either cylindrical or toroidal in geom-
etry with some possible variations foreseen in practical designs of full-
scale reactors. The cylinder is conceived to have a large height-to-
diameter ratio with large plasma diameters anticipated. The toroidal
geometry is expected to have a large aspect (major-to-minor diameter)
ratio of about 3 for Tokamak-type devices and roughly 200 or greater for
theta-pinch reactors with the major diameter so large that the curvature
can be neglected in neutronics calculations. Full-scale reactors will
employ feed pipes, divertors and several other necessary access regions.
Therefore, a very accurate neutronics and photonics analysis of a full-
scale reactor design wil have to be carried out evenfually in three-
dimensional geometry. From the neutrénics point of view, the access re-
gions built into fusion blankets and shields will have the effects of
1 - having regions of low nuclide density from which'neutrons and photons
can stream out of the system affecting the neutron economy, energy depos-—
ition and multiplication, and requiring shields somewhere near the outer
ends of the ducts; and 2 - increasing parasitic absorption of neutrons by
neutron collisions in the access regions walls. However, due to the
lack of substantial detailed information about access regions at present,
two- or three-dimensional transport calculations are not justified--at
least for survey studies--in terms of the reliability and usefulness of
the results obtained compared to the computing machine time consumed.

Even as our knowledge deepens and expands and we become more sophisticated
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in building necessary detailed complications into the design of the fusion
systems, one-~dimensional neutronics models will always be required in
carrying out the first iteration in optimization studies and survey an-
alysis. Therefore, a one-dimensional model is employed for transport
calculations in the rest of this work. The calculations are essentially
reactor model-independent. In other words, a stylized fusion reactor
consisting of cylindrical annuli will be used; and the calculational
results are considered to be applicable whether the cylinder is the cen-
ter section of a mirror machine or is wrapped into a torus.

In fusion reactors with magnetic confinement schemes, the blankets
and shields have unique chacteristics that are not ffequently met in
other éreas of nuclear work. The fusion shell (blanker and shield) has
a strong volumetric neutron source in vacuum on one end and a supercon-
ducting magnet cryogenically cooled at about 4°K on the other end. To
reduce the heat load into the refrigeration sysﬁem to a reaéonable limit,
the neutron and gamma fluxes must be attenuated by a factor of about 10°%,
In addition, the neutrons are born as roughly a delta‘function in‘energy
space and only at one end of‘the blanket and therefore‘the error in pre-
dicting the neutron flux in the first few mean free paths in the upper
energy group propagates rapidly to lower energy groups and deeper regions
of the blanket and shield. Therefore, CTR blankets and shields represent
deep penetration problems which have the characteristics that low-order
approximations will usually predict poor results. In the following, an
attempt is made to find out the order of approximations adequate for pre-
dicting reasonably accurate neutronics and photonics results without ex-

cessive costs. The approximations studied here are source form and
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geometry, anisotropy of scattering, angular quadrature and spatial mesh
spacing for both neutrons and photons for the discrete-ordinates method.
Before proceeding to a discussion of»results’a few words about the
nuclear data used in the calculations presented in this chapter is in
order. Most of the investigation carried out in this chapter for asses-
sing adequate approximations for flux determination was carried out be-
fore the ENDF/BIII data was available to the author. Therefore, most of
the calculations presented in this chapter were carried out using ENDF/
BII data. The neutron heating rates were also calculated using the kerma
factors given in reference 7 because the MACK program discussed in the
previous chapters was not developed ét that time. While there is a
change'in the absolute magnitude of the parameférs calculated here when
ENDF/BIII data is used, e.g. Nb(n,2n), the relative magnifude‘of thé re-
sults predicted by the various approximations do not change. Therefore,
repeating these calculations would not change the conclusions derived
here nor add anything new to our understanding of the problems invest-
igated. Therefore, we preseﬁt thé results calculated from ENDF/B2 with
a special note in each table to that effect. Results in tables given
in this chapter without a note about the source of data are derived
from ENDF/B3. All other calculations presented everywhere in this thesis
except this chapter were carried out using ENDF/B3 data (unless otherwise
indicated) with thevpartial group cross sections and neutron kerma fac-

tors generated with the MACK program.
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4.2 Neutron Source Distribution

The nearly monoenergetic neutron source is essentially isotropic
because the ions are nearly isotropically distributed; and so little of
the available momentum of the products is needed to balance the initial
momentum, that the neutrons would be virtually isotropic regardless of
the ion distribution. The source intensity is proportional to the square
of the ion density and to the cross section which in the temperature
range of interest for practical applications is essentially linear in
the temperature. The equations governing the spatial distribution of
‘these quantities are the energy and particle conservations and Maxwell's
equations. This system of coupled equations can only be solved numer-
ically or by rather drastic simplifying assumptions. ‘It has‘been shown

[36] that plausible source spatial distributions take the form

a-18
S(r) = s°|:1 - [%p] :] | (4.3)

where ¢ is two for slabs and cylinders and 5/2 for toroidal geometry
and B is one for neo-classical and two for Bohm diffusion [37]. The
radius I, at which the ion density and neutron source become zero is
fixed by a system of magnet windings which divert any ions beyond this
radius oﬁt of the central reactor region. In any event, from the point
of view of the neutron source Ip is a parameter.

Our interest here is to investigate the sensitivity of the neutron-
ics results to the neutron source distribution and more specifically to
the parameters o, B and rp in equatioh 4.3. This problem represents one
of several cases in which it is machine time consuming to carry out the
survey or-sensitivity study by direct transport calculations and other

approaches should be followed if possible. One of these alternatives is
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through the use of the adjoint which is the solution of the adjoint

Boltzman equation:
L*y* = g* (4.4)

where L* is the Boltzman operator and s* is the adjoint source. The
following relation is known to hold for appropriate choice of boundary

conditions [25]

<p*,8> = <y,s*s . (4.5)

This equation represents another approach for calculating the response
rate in equation 4.1 if S* is chosen as the desired response‘function.
Therefore, if the effect of changing the neutron source distribution on
a particular result is required one needs dnly to evaluate the integral
<¢*,S:> for each distribution S. This requires solving equation 4.4
with S* as the response function of interest only once. However, we are
interested here in finding out the sensitivity of several neutronics
results, e.g. neutron energy deposition, helium and hydrogen production,
tritium production, leakage, etc., to various forms of the source distri-
bution. This requires a solution of the adjoint Boltzman equation for
each response function. Therefore, such an approach can obviously be
more expensive than the direct solution if the number of neutronics re-
sults of interest exceed the number of variations to be made in the
source distribution. Since this is the case here another approach is
discussed next. Incidentally, gamma energy deposition and leakage are
the only two results of interest in photonics studies and therefore the
use of the above method is very efficient in investigating the sensi-

tivity of these results for changes in neutron flux spectra and gamma
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The most important neutronics results in CTR reactors are affected
most by high energy neutrons. Almost all the (n,2n), helium and hydro-
gen production in all proposed structural CTR materials are induced by
neutrons of energies above 8 MeV. As seen in the last chapter, this
high energy range, 8 to 14 MeV contributes a large fraction of the neu-
tron heating. In addition, about 85% of Li7 tritium production is in-
duced by neutrons above 8 MeV. This high energy range is also of great
concern because neutrons in this energy range have the strangest deep
penetration power and the most adversé effects on the cryogenic system
and the radiation stability of the magnet. Furthermére, any error in
determining the fluxes at éuch high energies propagates to lower energies.
Due to the smoothness of the neutron cross sections at such high energies
and for other reasons discussed in the ﬁrevious chapter, six energy
groups (the first six groups in table 3.4) are adequate for accurate
spectrum determination in this range. Direct transport calculation with
these six groups is relatively inexpensive and provides the most import-
ant information needed here. The calculations given below are based
mostly on a standard fusion reactor blanket model adopted for benchmark
and cross sections formed at the International Working Sessions on Fus—
ion Reactor Technology held at Oak Ridge in June 1971 [42]. This stan-
dard bianket is shown schematically in figure 4.1.

Table_4.l shows the influence of the neutron source distribution on
helium and hydrogen production and atom displacement in the structural
material, tritium production and atom displacement in the structural

material, tritium production in Li7, neutron heating, and leakage. The

.
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results of table 4.1 show that the reaction rates in the inner regions
are lowest for (parabolic)z, higher for (parabolic), and highest for a
uniform source distribution and the reverse is true in the outer regionms.
The results can be understood in terms 6f the fraction of source neutrons
close to the cylinder axis and the direction of incidence on the first
~wall. Define X as the angle between the projection of direction of neu-
tron incidence on the first wall on a plane perpendicular to the cylin-
der axis and the normal to the first wall (see figure 4.2) at the surface
of the first wall. The larger Xs the more interaction a neutron under-
goes for the same distance along the direction perpendicular to the
first wall. A line isotropic source represents the extfeme case in
which 84 for all source neutrons is zero .and hencé the neutrons suffer
fewer collisions in the first few regions and the fraction of ﬁeutrons
above 8 MeV for an isotropic line source carried away from the inner
regions of the blanket is higher than for any of the other three source
distributions.

For the same source distribution, the average X for the source
neutrons increases as the ratio ;& increases. Table 4.2 shows the
effect of the plasma and wall radii. As expected from the above dis-
cussion, the larger the ratio ;5, the larger the reaction rates in the
first few zones and the smaller the leakage.

The change in the reaction rates due to changing the source distri-
bution is small and is generally within 1 to 2% for (parabolic)z, para-
bolic, and uniform distributions. Since the thickness of the first wall
is much less than one mean free path for neutrons of such high energy,

the reaction rates in the first wall are generally more sensitive to



Table 4.1 Neutron Source Distribution Results for Cylindrical

Geometry (S;; and P; approximations)

(Results normalized to unit neutron source)

216

Source Form g Volumetric Volumetric Volumetric Line
3 | (parabolic)? parabolic uniform isotropic
Niobium 3 4.42 4.46 4.56 3.57
(n,0)x10" 5 3.01 3.04 3.09 2.77
T3] 15.01 15.07 15.20 14.40
Niobium 3 1.46 1.47 1.50 1.18
(n,p)x10° 5 1.01 1.01 1.03 0.93
T2{ 5.07 5.09 5.13 4.77
Niobium 3 3.74 3.77 3.86 3.03
Displacement 5 2.62 2.64 2.69 2.40
(DPA/n. sec)x5x102°
Li? tritium 4 0.062 0.062 0.064 0.054
production 6 0.214 0.214 0.210 0.220
7 0.085 0.084 0.082 0.093
8 0.034 0.034 0.0327 0.039
™| 0.395 0.395 0.394 0.404
Neutron 3 0.81 0.81 0.83 0.65
Heating 4 { 15,78 15.90 16.27 13.77
rate in 5 0.55 0.56 0.57 0.51
wattsx10'* 6 | 52.40 52.47 52.60 53.05
7 | 19.82 19.60 19.19 22.01
8 7.79 7.67 7.41 8.97
TP | 95.95 95.82 95.58 97.94
Right boundary TC| 37.8 35.97 34.4 43,3

Leakagex10"

a - sum over all zones (for neutrons above 8 MeV)

b - sum over breeding zones (for neutrons above 8 MeV)

¢ - sum for outgoing neutrons above 8 MeV

This table based on ENDF/B II data



Table 4.2 Effect of Plasma and Wall Radii on Response Rates

(uniform source, Sy,,P3)

(Results Normalized to a Unit Neutron Source)

217

Wall Radius ry (meters) Zone 2 2 8
Plasma Radius T, (meters) 1line 0.1 1.5 7.5
source
Niobium (n,a) x 10* 3 3.57 4,33 4,56 4,92
2.77 2.95 3.09 3.24
T8  14.1 14.8 15.2 15.6
Neutron Heating W 3 0.65 0.79 0.83 0.89
Rate in watts x 10 13.77 15.45 16.27 17.28
0.51 0.54 0.57 0.59
Tb 97.94 96.10 95.94 94.90
Leakage x 10" TC 43.3 38.3 34,4 28.2

a. sum over all zones (for neutrons above 8 MeV)
b. sum over breeding zomes (for neutrons above 8 MeV)

¢c. sum for neutrons above 8 MeV (assuming no reflectién)

This table based on ENDF/B II data
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variations in the source form than all other regions. Table 4.1 also
shows that Li/ (n,n'a)t reaction is less sensitive than other reactions.
The neutron leakage decreases by about 5% when the (parabolic)2 distri-
bution is replaced with parabolic and about 9% when replaced by uniform
neutron source distribution. Since the exact neutron source distribu-
tion is not well known it suffices to use a distribution yource some-
thing resembling a parabola. However, in the rest of this work a uni-
form source distribution will be employed in order to save on spatial

mesh.
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4.3 Neutron Source Geometry Effects and Cylinder - Slab Comparison

As discussed above, cylindrical geometry is the best one-dimen-
sional approximation to almost all proposed fusion reactor designs. As
the plasma radii are large for most designs, the approximating of the
cylindrical geometry by slab geometry has frequently been used [38, 39 & 40]
in neutronics and photonics analysis. The CTIR blanket, however, has a
rather unique situation since the neutron source occupies the central vac-
uum section of the cylindér and is surrounded by a source free blanket.
The first wall is particularly important from heat removal and radiation
damage points of view. Since any variation in the geometry of the neutron
source will produce its largest effect in the first wall region a great
deal of care must be exeréised in introducing any approximation about the
source distribution and geometry. The effect of approximating the cylin-
drical by slab geometry on the neutronics and photonics ;esults of the
blanket is investigated next.

For cylindrical geometry, the angular flux of the fusion neutrons

outside the plasma central section can be shown to have the form:

S
V(X)) = 5= V1 - Sasinx.
for 1 - én < cosy < 41 (4.3.1)

and =0 otherwise

where a<rc«< r, -

The cylindrical coordinate system is shown in figure 4.2 and the cylin-
der axis is taken as the Z axis. a 1is equal to the plasma radius, Tps
and S is the source strength for a uniform distribution. r is the pro-

-> A >
jection of r on the plane normal to the Z axis, £ is equal to 5‘2.
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& 1s a unit vector {n the divection of the neutron mof fon and \ {n the
angle between the planes formed by the Q and 2 vectors and by the z and
£ vectors. For convenience we define the parameter d. for any region as
the distance the neutron has to travel in this region if it makes no col-
lision. Obviously, the larger the parameter d, for a neutron entering a
region the greater the probability of interacting the the neutron can
undergo in the region. From equation 4.3.1 the angular flux at the vac-
uum face, r,s of the first wall depends on Tys Tps £ and X. VY and dc for
the first wall increase as £ increases. For fixed g, dc for neutrons
entering the first blanket increases as X increases: As the'ratin%E}
gets smaller the maximum value of ¥ decreases and the reaction ratés in
the first wall become sﬁaller as confirmed numerically in table 4.2. For
an isotropic line source, X is zero for all source neutronms. Hence, this
source form produces smaller reaction rates and higher leakage for the
first wall than other source distributions as was discussed in the last
section.

¥ approaches infinity as & approaches one for all source distribu-
tions due to the assumption that the cylinder is infinite in thevdirec—
tion of its axis. Since |y increases rapidly as £ increaées, the reaction
rate in the first mean free path in the blanket is very sensitive to the
order of angular quadrature when the discrete-ordinates method is used.
In addition, continous angle-Monte Carlo and discrete~ordinates results
are expected to agree only for high order S,- For finite cylinders and
high order S, the singularity of § in the neighborhqod of £ =1 is elim-
inated by neglecting the portion of the source neutrons that stream out

of the vacuum region and do not enter the blanket. For toroidal geometry,



221
all source neutrons enter the blanket but due to the vacuum gap between
the plaéma and the first wall none of the neutrons enter the blénket with
a direction tangential to the first wall. Removal of the strict one-dim-
ensional singularity can be achieved by properly adjusting the angular
distribution of the source.

In slab geometry, the neutron angularvdistribution is assumed to
have azimuthal symmetry and the angular flux in the vacuum gap outside

the plasma region has the form:

Ppx,u) = %—:—; Hg > 0
= 0 Hg < 0 (4.3.2)
= oo Ug = 0 ;

where a is half the width of the plasma region, lg is the cosine of the
angle between the neutron direction and the x axis which is perpendicular
to the first wall. S is the number of neutrons emitted per unit volume
per sec. in the plasma region for a uniform neutron source. It should be
noted, however, that the angular dependence of the angular flux at the
vacuum face of the first wall for slab geometry is independent of the
spatial distribution of the neutron source, the plasma width and the size
of the vacuum gap. A more important observation about the difference
between slab and cylinder geometries for CTR blankets can be seen by
comparing the angular distribution of the Source neutrons at the first
wall. In slab geometry, the angular flux increases as'es increases for
any azimuthal ahgle. This means that the angular flux of the incident

source neutrons in slab geometry is most peaked in the directions for
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which the parameter d. (defined above) is greatest. In cylindrical geom~
etry, however, the case is different. The behavior of the angular flux
is the same as in slab for the & dependence only. However, for fixed £,
the angular flux decreases as X increases. Furthermore, the angular flux
is zero for X greater than a limit shown in equation 4.3.1. In other
words, for fixed £ in cylindrical geometry, the angular flux of the source
neutrons at the first wall is largest in the directions for which the
parameter d. is smallest. Hence, the number of interactions in the inner
regions of the blanket is larger in slab than in cylindrical geometry.
The higher the number of interactions in the inner blanket regions the
lower the leakage from these regions and the smaller the number of neu-
tron interactions in the outer region.

Table 4.3 shows the most important neutronics results for cylind-
ricél and slab geometries for thetstandard blanket of figure 4.1. Table
4.3 shows that the slab representation overestimates all the neutronics
results in the first wall by about 70%, and in the second wall by about
17%. As expected, the slab representation underestimates the neutronics
results in the outer regioné.‘ The neutron leakage from the slab for neu-
trons above 8 MeV is 507 lower than the leakage from the cylindrical
blanket. Table 4.3 also shows the results for an isotropic shell source
in slab geometry. In the isotropic shell source, the number of neutrons
entering the walls for which the parameter dc is large is smaller than
that for a volumetric source in slab geometry and larger than that for a
uniformly distributed source in cylindrical geometry. The results for
the isotropic shell source are closer to the cylindrical results, but

the difference is still large enough to make it necessary to use cylin-
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Table 4.3 Slab - Cylinder Comparison (Reference Design of Figure 4.1)
(Ss,P3)

(Results normalized to a unit neutron source)

Geometry Cylinder Slab Slab
Source Volumetric Volumetric Shell
Uniform Uniform Isotropic
Niobium 3 4.61 7.77 5.27
(n,a) x 10* 5 3.14 3.68 3.32
T2 15,28 18.4 16.02
Niobium 3 1.52 2.56 1.74
(n,p) % 10° 5 1.05 1.23 1.11
Ta 5.16 - 6.17 5.41
Niobium 3 3.90 6.53 4,45
Displacement 5 2.73 3.20 2.89
(DPA/n. sec) x 5 x 1029
Li”? tritium 4 0.065 .089 .071
production 6 0.214 .193 214
7 0.081 .057 .074
8b 0.0325 .020 .028
T 0.393 .361 .387
Neutron 3 0.84 1.41 0.96
Heating 4 16.54 22.84 18,07
Rate in 5 0.52 0.68 0.61
watts X 10'* 6 52.39 47.03 52.30
7 19.04 13.18 17.30
8 7.34 4,51 6.27
TP 99,28 87.62 94.07
Leakage T¢ 33.75 17.6 26.1

x 10"

a - sum over all zones (for neutrons above 8 MeV)

b - sum over breeding zones (for neutrons above 8 MeV)

¢ - sum for outgoing neutrons above 8 MeV

ENDF/B II data used in obtaining these results
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rical geometry.

Table 4.4 shows the effect of the slab approximation on the neutron-
ics results for the entire energy range from zero to 14 MeV for both
blanket and shield of the reference design discussed in the last chapter
and shown schematically in figure 3.19. The results in this table are
obtained using ENDF/B III data and the neutron kerma factors of the pres-
ent work. The transport calculations were carried out with the Sy, P3 ap-
proximations. As will be shown shortly the error in using the slab ap-
proximation increases with the order of the Sn approximation and hence
the actual difference between the slab and cylinder results is much lar-
ger than that shown in table 4.4.

All reactions given by zone in table 4.4 are in units of reactions
per one fusion neutron and hence the comparison beéween slab and cylinder
includes also the 1l/r effect (i.e. volume change with r per unit area
normal to r) of the cylindrical géometry.

The results in table 4.4a show, as expected, that the difference be-
tween slab and cylinder neutronics results is generally smaller for the
entire energy range zero to 14 MeV than for the 8 to 14 MeV range. The
total tritium production from natural lithium is the least affected among
the various neutronics results by changes in geometry. The Li’ (n,n'a)t
reaction is important in the high energy range and the cross section in-
Creases as the energy decreases from 15 down to about 8 MeV then decreases
at lower energies. Therefore, the shift in the spectrum toward lower
energies when the slab representation is used does not greatly affect the
Li’ (n,n'0)t reaction rate. fritium production in Li® occurs mostly be-

low about 2 MeV (i.e. below the threshold for the Li’ (n,n'a)t reaction).



226

Table 4.4 Slab -~ Cylinder Comparison for Reference Design of Fig. 3.19

Table 4.4a - Geometry Effects on Response Rates (SM’P3)

(Results normalized to a unit neutron source)

(A) (B) % Difference

Geometry g Cylinder Slab B-A, 100
source distribution g Uniform Vol. Volumetric A
Neutron Heating 3 1.2759 (+5) 1.5691 (+5) 22.972
in MeV per 4 6.2493 (+6) 6.6704 (+6) 6.738
fusion neutron 5 1.8745 (+6) 1.7504 (+6) -6.620
6 1.5469 (+6) 1.3972 (+6) -9.677
7 3.5603 (+5) 2.4804 (+5) -30.332
10 1.3948 (+4) 9.946 (+3) -28.692
14 5.6934 (+2) 2.868 (+2) ~49,.626
16 4.2807 (+0) 1.8186 (+0) -57.516
Li7 (n,n'a)t 4 3.5662 (-1) 3.7391 (-1) 4.848
5 7.92 (-2) 6.5438 (-2) -10.236
6 4,7759 (-2) 3.5858 (-2) -24.919
Ta 4.8358 (-1) 4.7521 (-1) -1.731
Li® (n,0)t 4 3.8974 (-1) 4.2456 (-1) 8.934
5 1.8168 (-1) 1.8582 (-1) 2.279
6 1.8787 (-1) 1.8454 (-1) -1.773
Td  7.5929 (-1) | 7.9492 (-1) 4.693
Nb (n,a) 9.4473 (-4) 1.1749 (~3) 24.363

3
Fe (n,q) 7 5.6426 (-3) 3.3974 (-3) | -37.387
B!%(n,a) 8 8.4946 (-2) 7.0127 (-2) | -17.445
B1%(n,qa) 17 3.0526 (-7) 1.2419 (-7) | -59.317
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Table 4.4 Slab - Cylinder Comparison for Reference Design of Fig. 3.19

Table 4.4b - Geometry Effects on Neutron Energy Leakage

(Results normalized to a unit neutron source)

(A) (B) % Difference
Geometry Cylinder Slab
24 x 100
source distribution Uniform Volumetric A
Volumetric

Zone MeV per MeV per

1 fusion 1 fusion

neutron neutron

2 14.208 14.208 0.0

3 11.208 10.879 -5.458
4 4.263 3.236 -24.091
5 2.662 1.888 -29.076
6 1.656 1.108 -33.092
7 6.202 (-2) 3.846 (-2) -34.988
8 1.629 (-2) 9.188 (-3) -43.597
9 4.336 (-3) 2.229 (-3) -48.593
10 1.173 (-3) 5.516 (-4) -52.975
11 3.215 (-4) 1.389 (-4) ~56.796
12 8.877 (-5) 3.537 (-5) ~-60.155
13 2.458 (-5) 9.072 (-6) ~-63.092
14 6.812 (-6) 2.334 (-6) -65.737
15 1.886 (-6) 6.010 (-7) -68.134
16 5.244 (-7) 1.558 (-7) -70.290
17 1.630 (-7) 4.652 (-8) ~71.460
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A neutron slowed down past 2 MeV in the lithium region does not have much
chance other than getting absorbed in Li6. Since the LiY(n,n'd)t reaction
rate does not change significantly the change in the Li6(n,q) reaction

is also relatively small.

Table 4.l4a shows that the heating rate in the first wall is higher
for slab than for cylindrical geometry by about 23% for the Sh approx-
imation. We will see shortly that this difference is sensitive to the
order of the Sn quadrature and increases as higher Sn are used. The
difference in the heating rate increases in the outer regions of the
blanket and shield because of the dual effect of changes in the neutron
spectrum and the 1/r effect in cylindrical geometry. While the energy
deposition in the shield region may not be important from an energy
recovery point of view, it is necessary to have a reasonable estimate
of the heating rate in the shield regions for the purpose of designing
an appropriate cooling system. The slab representation underestimates
the neutron heating in the shield by about 50%.

Table 4.4b shows the energy leakage by zone for both slab and cyl-
inder. The slab model consistently underestimates the energy leakage.
The difference increases monotonically with distance from the first wall
and the energy leakage to the cryogenic system is underéstimated in the
slab representation by more than T70%.

It is concluded, therefore, that cylindrical geometry should be used
in one-dimensional CTR neutronics studies unless only the order of mag-

nitude of the results is of interest.
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4.4 Effects of Scattering Anisotropy

Since the D-T neutrons have high energies, anisotropy of the scat-
tering has important effects on neutron transport. As is well known, the
differential scattering cross section is usually approximated by a trun-
cated Legendre polynomial expansion in the scattering angle,

L
o) = ] o p (o) (4.4.1)
1=0
where Uy is the cosine of the scattering angle and L is chosen suffi-
ciently large to adequately déscribe the anisotropy of the angular dis-
tribution. An adaquate value of L for CTR blankets is discussed next.

Table 4.5 shows the important neutronics results as a function of L
for the standard blanket of figure 4.1. This series of calculations was
carried out for the P, tﬁrough the Py approximations for slab and cylind-
rical geometries. The results show that convergence is achieved by Ps.
However, table 4.5 shows that results obtained using P; are adequate to
better than 1% accuracy. The results also show that increasing the order
of anisotropy retained in the scattering increases the streaming tend-

ency and lowers the heating and reactions in the inner blanket regions.



Table 4.5 Neutron Scattering Anisotropy (order of Ph)

(cylindrical geometry, S;¢)

(Results normalized to a unit neutron source)
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Scattering | 21 &, P, P, Py P, Ps
N
Niobium 3]6.015 4,568 4,558 4,548 4,549 4,540
(n,a) x 10% 4 1.709 1.340 1.325 1.329 1.328 1.328
513.836 3.137 3.068 3.085 3.080 3.082
614.402 4,288 4.185 4,199 4,199 4,199
711.000 1.459 1.481 1.469 1.472 1.472
810.235 0.507 0.554 0.546 0.546 0.547
T*t11198 15.304 15.178 15.183 15.181 15.175
Li7 418,321 6.403 6.335 6.352 6.349 6.350
tritium 6 122948 21.967 21.441 21.517 21,514 21.517
production | 7 { 5.65 8.207 8.271 8.215 8.227 8.228
x 102 LB 1.399 3.087 3.323 3.284 3.285 3.286
01]0.007 0.039 0.051 0.051 0.051 0.051
T* 38,324 39,703 39.422 39.419 39.426 39,433
Neutron 311.099 "0.834 0.832 0.830 0.830 0.828
Heating 4 20,962 16.302 16.122 16.168 16.159 16.163
in watts 510.704 0.575 0.562 0.565 0.564 0.565
x 10" 6 t5.723 53.831 52.540 52.723 52,717 52.724
7 13.162 19,157 19.376 19,230 19.261 19.264
813.177 6.929 7.514 7.418 7.420 7.424
9 10.628 2.010 2.500 2.491 2.484 2.485
ho 0.015 0.081 0.109 0.096 0.110 0.110
T*P5.47 99,717 99,554 99.520 99.546 99.563
GRP
System 1]1.336 5.302 9.084 9,806 9.791 9,788
Leakage 2 10.720 5.557 9.174 9.462 9.426 9.429
X 10 3 10.498 4,225 6.097 6.109 6.094 6.097
4 10.488 3.421 4,307 4,270 4,267 4.268
5 10.397 2,183 2.522 2.512 2.510 2.511
6 [0.428 1.973 2,224 2.222 2.221 2.221
TC | 3.866 22.661 33.408 134,381 34.308 34,315

* sum over all zones for neutrons above 8 MeV

€ sum over outgoing neutrons of energies above 8 MeV

This table is based on ENDF/B II data.
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4.5 Order of Sp_Angular Quadrature

The next problem posed is the order required of the angular quadra-
ture for the S, method. It has been established [41] that the inherent
approximations in the S, method are adjustable such that these approx-~
imations do not materially affect the desired solution. Practical lim-
itations, however, prohibit using the finest energy, spatial, and ang-
ular mesh. Since the number, M, of angles in one~dimensional cylindrical
geometry is equal to n(n + 4)/4 where n is the order of the quadrature
used and the computaiion (CPU) time increases linearly with the number
of angles, the cost of computation increases roughly as n? for high order
Sn' Therefore, it is highly desireable to find thé smallest order of
quadrature that provides the desired accuracy.

Table 4.6 shows the effect of the order of angular quadrature on the
important neutronics.results for the standard blanket of figure 4.1. The
results are given for both slab and cylindrical geometry. A uniformly dis-
tributed volumetric source and the fg approximation were employed in both
cases. The spatial mesh was chosen with a step size of 1/82t in all
cases which is fine enough to essentially eliminate the effect of the
spatial mesh on the accuracy of the results. Thé cylinder results in
table 4.6 show that as the order of approximation is increased the flux
anisotropy is treated more adequately and it becomes more forward peaked
resulting in decreased reactions in the first zones. 1In the following
discussion it is assumed that the S,g results represent the "exact re-
sults" and the accuracy of the lower order S, 1s quoted relative to the
Si1¢ results. The results of S, overpredict the neutronics resuts in the

first zone by about 7 to 10%, overestimates the neutron heating in the
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Table 4.6 Order of S, Approximation

(Results normalized to a unit neutron source)

Geometry 8 Cylinder Slab

Order of Snﬁ Sy Sg Si12 Si1¢ Sy Sg Sis

Niobiu 31 4.819| 4.609| 4.567| 4.548 | 6.148| 7.771 | 8.178

(n,0)x10* | 4 | 1.439] 1.360] 1.338] 1.329 1.772 ] 1.881 | 1.848
51 3.3201 3.141| 3.096| 3.085 | 3.931] 3.682 | 3.547
6 | 4.126f 4.172} 4.189| 4.199 | 4.139| 3.719 | 3.698
7 1.351) 1.454) 1.466| 1.469 | 0.970| 0.992 | 0.991
8 1 0.521| 0.540| 0.545| 0.546 | 0.317] 0.326 | 0.326
T*115.585| 15.282 | 15.209| 15.183 |17.280 | 18.375 | 18.591

Niobium 3] 1.590( 1.519 | 1.505| 1.499 | 2.029| 2.556 | 2.687

(n,p)x10% | 4 | 0.478| 0.452 | 0.444| 0.441 0.589| 0.625 | 0.614
51 1.1091 1.049 | 1.034| 1.030 | 1.315| 1.233 | 1.188
6 | 1.412] 1.426 | 1.432) 1.435)| 1.421| 1.280 | 1.272
71 0.480f 0.516{ 0.520| 0.521 | 0.350| 0.356 | 0.356
81 0.190| 0.198| 0.199| 0.120 | 0.118( o0.121 | 0.121
T*] 5.263| 5.163| 5.139) 5.130 | 5.823| 6.172 | 6.239

Niobium 3 4.081 3.899 3.862 3.845 5.204 6.528 6.855
Displace- 5 2.881 2.726 2.687 2.676 3.413 3.205 3.090
ment (dPa/n.sec)x5%x102¢

Li’ 4| 6.865| 6.492 | 6.392| 6.352 | 8.452| 8.955 | 8.802
tritium 6 [21.206| 21.389 | 21.468| 21.517{21.435| 19.352 {19.235
produc- 7 7.588{ 8.135] 8.201| 8.215| 5.653| 5.719 | 5.708
tion x 10%| 8 | 3.124| 3.248| 3.277| 3.284 | 1.983| 2.026 | 2.022
T* |38.837| 39.314 | 39.389 39.419 [37.551 | 36.079 | 35.795

Neutron 0.879( 0.841 | 0.833| 0.830 | 1.122] 1.415| 1.489
Heating 17.492] 16.535 | 16.273 | 16.168 [21.536 | 22.840 | 22.444
in watts 0.608| 0.576 | 0.567| 0.565 ) 0.720| 0.675 | 0.650
x101% 51.879| 52.391 | 52.598 ) 52.723 [52.219 | 47.029 | 46.755

17.726( 19.036 | 19.197 | 19.230 |12.963 | 13.187 [13.165
7.069) 7.336 | 7.403| 7.418 | 4.397 | 4.507 | 4.500
2,508 2.453 | 2.483| 2.491 ) 1.351| 1.348 ( 1.347
0.115| 0.108 | 0.109| 0.096 | 0.059 | 0.057 | 0.057

98.277| 99.275 | 99.464 | 99.520 }94.40 | 96.80 |95.30

Lo I g
x_o\om\la\kﬂbw

Leakfge T€136.919| 33.752 | 34.258 | 34.381 |18.012 | 17.604 | 17.575
x10

* gsum over all zones (for neutrons above 8 MeV)
C sum over outgoing neurtons above 8 MeV

This table is based on ENDF/B II data
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last zone by more than 20%, and underestimates the neutron heating, tri-
tium and charged particle productions in zones 6,7, and 8. Sg provides
better than 5% accuracy almost everywhere in the blanket. A 5% accuracy
was also found to be obtainable with Sg provided that an adequate spatial
mesh is used.

As is well known, the accuracy of the discrete ordinate solution
does not necessarily improve by increasing the order of angular quadrature
alone or decreasing spatial mesh size alone. Studies were cafried out
in the present work as to adequate mesh spacing for a given angular quad-
rature and conformed to a rule that an adequate mesh for any region re-
sulted if the steps were 1/I;N where N is the order of Sp used and I, is
the largest total cross section in any group for the mixture in that re-
gion. Following this rule guarantees improvement of the accuracy of the
solution as N is increased. It was also found that the calculationg in
groups corresponding to energies lower than a few KeV could be performed
in lower approximations without degradation of the quality of the neu-
tronics results. This is very convenient since Zt increases rapidly for
most materials in this lower energy range and applying the above rule at

such low energies would require a very fine spatial mesh.
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Gamma Calculational Model

An adequate model for neutronics calculations was discussed above.
A calculatiqnal model for photonics is investigated below.

The effects of scattering anisotropy was done in slab geometry for
economy using S;4. Convergence is not greatly affected by geometry. The
results of interest in photonics are energy deposition and leakage. The
system employed for the calculations is that of figure 4.1. The boundary
condition or albedo is reflecting in this series and a set of results in
selected blanket regions for anisotropy through P, with n from zero to
seven is shown in Table 4.7. These results are converged by P3. How-
ever in the problem studied here P, doesn't give bad results and one
strongly suspects that a transport corrected Py would be satisfactory.
Howevér, the combination of an isotropic and distributed source cause
very low order approximations to work well in this instance. Experience
with other gamma flux problems indicates that a P3 treatment would be
prudent even though the above results would allow less. The last column
in table 4.7 gives the P; results but with a void boundary condition. The
only results that are affected in a major way are near the tight boundary
as would be expected. Table 4.8 shows the same general results for a
void at the right boundary in two lower order Sy calculations for both
slab and cylindrical geometries. The Sg slab results are within 1% of
the S1¢ results and compare very favorably with the last column of the
preceeding table indicating that Sg is adequate as is P3 anisotropy.
However, the cylindrical and slab result differ enoﬁgh even here to re-
quire the cylindrical model; further the S4~Po results are inadequate

with respect to the leakage and other results near the right boundary.
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Table 4.8 Slab - Cylinder Comparison For Gamma Transport Calculation

Order of Sg,P3 Sy 4Py

Approximation

Zone/Geometry Cylinder Slab Cylinder Slab»
38 | 7.25828 | 7.80623 | 7.36158 | 7.83919
4 (Nb) 2.53098 2.69892 2.57156 2.71759
4 (L1) 0.73625 0.78866 0.760072 0.80484
5 6.58181 6.95842 6.69689 7.03164
10 2.73871 2.36319 2.46407 2.12604
LB 1.57105 1.25367 1.03650 | 0.81425

a. Heating rates in watts X 10!5

b. Right boundary leakage X 10°



CHAPTER 5

NUCLEAR DESIGN OF BLANKET AND SHIELD
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5.1 Introduction

In chapter two, theoretical and computational methods were devel-
oped for calculating fluence-to-kerma factors which are necessary for
determining nuclear heating. With the MACK program developed, a library
of multigroup kerma factors and group cross sections by reaction was
generated, as described in chapter three, using weighting functions and
a group structure appropriate for CTR systems. In chapter four, a dis-
crete ordinates calculational model adequate for determination of the
flux in fusion blankets and shields was investigated and the error in
using the various approximations determined. With these developments,
all response rates of interest in the blanket and shield can be calcu-
lated for any design and the neutronics and photonics analysis of the
system becomes feasible. This chapter is devoted to an investigation of
the neutronics and photonics design of the blanket and shield. Closely
related aspects of the other areas of design are also examined.

In the following section, previous work in CTR neutronics is brief-
ly summarized. In section 5.3, the nuclear data and computational meth-
ods used in deriving the results presented in this chapter are discussed.
Section 5.4 defines the general requirements of the blanket and shield
regions. The neutronics and photonics and related aspects of the design
of the first wall, blanket, reflector, and shield are investigated in
section 5.5. Based on the results of section 5.5, a complete blanket
and shield design is proposed in section 5.6. Thesis summary and recom-

mendations for future studies are given in the next chapter.
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5.2 Previous Neutronics Work

A number of workers have studied the nuclear behavior of fusion
reactor blankets. The work on fusion reactor problems had two marked
stages. The early investigations by Impink [52], Homeyer [53] and
Lontai [54] at the Massachusetts Institute of Technology in the early
1960's comprise the first stage of exploration. Later,‘more reliable
data were available and better calculational methods for accurately
predicting neutron and gamma transport, heat transfer, magnetic losses
of circulating liquid metals across magnetic field, eté., were developed.
This laid the basis for the second stage of deeper insight into the
blanket problems. A good number of workers presented their efforts in
several papers at the B.N.E.S. Conference [60-68) in 1969. A few other
papers were also presented at the IAEA Fourth Plasma Physics and Controlled
Nuclear Fusion [73] and ét the International Working Session {74] at ORNL
in June 1971. A more detailed literature survey can be found in refer-
ence 79.

Previous researchers were concerned mostly with the question of
tritium breeding. The combined efforts of Impink [52] and Hameyer [53]
evolved a blanket design consisting of: a - two cm. molybdenum first
wall, b ~ 6.25 cm, flibe (2LiF.BeFy) coolant region, and ¢ - a blanket
region of 56 cm. consisting of 79Z flibe plus 2132 graphite. Tritium
breeding ratios in the range 1.2 to 1.8 were deduced for this type of
blanket and hence the feasibility of adequate tritium breeding was
proved. Steiner [69] investigated two basic blanket designs in terms
of tritium breeding and nuclear heating. The configuration of the two
types is shown in figure 4.1. The first design employs lithium and the

second employs flibe as the vacuum wall coolant; with lithium used to
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cool the remainder of the blanket in both designs. ‘Steiner showed that
the tritium breeding ratio is adequate in both caseé and is about 9%
higher for the first than for the second design. He also showed that
the he#ting rate in the first wall increases by about 50% when the first
wall lithium coolant is replaced by flibe. Similar conclusions were
reached by other workers using different calculational methods and

alternative blanket configurations.
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5.3 Nuclear Data and Computational Techniques

In the following, a brief documentation is given of the nuclear
data and computer programs used in deriving the results presented shortly.

The basic quantities to be calculated in nuclear design are of the
form of "response" rates. These require a knowledge of the flux and the
response functions. Determination of the flux is performed by transport
codes which require the following nuclear data: a - neutron multigroup
cross sections, b - gamma multigroup cross sections, and ¢ - gamma
production cross sections. The response functions of interest here are:
1 - cross sections for the reactions of interest, e.g. (n,0), (n,p),
(n,t), (n,n'0), ... etc., 2 - displacement cross sections, and 3 - neu-
tron and gamme kerma factors.

The ANISN [11] computer program was employed in all neutron and
photon transport calculations. Although the technique of using a
coupled neutron-gamma transport calculation is efficient and convenient,
some important information about gamma production is "practically lost"
in this method. In addition coupled calculations complicate the severe
problem of data storage on the computer. An alternative technique was
employed. The neutron transport calculations were run first fér the
purpose of determining the neutron flux which was then stored on tape.
This part of the calculation was performed with the appropriate routines
from the ANISN program which was fhen overlayed and the program LINK was
automatically brought into the machine. The program LINK was written by
the author for the present work and it performs two tasks: 1 - Using

the RESPONSE library described shortly and the flux stored from the
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neutron transport calculations, LINK calculates all desired response
rates such as tritium, helium, and hydrogen production, atom displace-
ments, and neutron heating., 2 - After step 1 is completed the RESPONSE
library was "Free'd" and the gamma production cross section file was
assigned. The program LINK then calculates the gamma production source
by energy group and spatial interval in ANISN Format (17*). Further-
more, the program performs some additional functions such as the calcu-
lation of the spatial distribution of the energy of the secondary gamma
production by each material in the system. With the gamma production
source (17*) stored, the program LINK is overlayed and ANISN is brought
in again‘to perform the gamma transport calculations which is the final
step in the caléulations for a design. Thié approach has largely elimin-
ated the problem of machine storage in addition to providing more neces-
sary detailed information which could not have been obtained without
considereble difficulty otherwise. The UNIVAC-1108 computer at Madison
Academic Computing Center was used in all but a few of the series of
calculations given in this chapfer.

The neutron multigroup cross sections (transfer matrices) were ob-—
tained from the DLC-2D [31] data package. This data was generated from
ENDF/B III with the SUPERTOG program [16] in the one-hundred group‘
structure shown in table 3.4 using a 1/E weighﬁing function. For the
purpose of this work, this data was collapsed into the 46 group struct-
ure shown in table 5.1 using a typical blanket spectrum. The gamma mult-
igroup cross sections were generated with the MUG program [8] in the 43

group structure shown in table 3.5.
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The gamma production cross sections for H-1, Be-9, N-14, 0-16,

Na-23, Al1-27, K, Fe, and Pb were generated from ENDF/B III with
LAPHFOR [81] which is a revision of the program LAPHANO [82]. The
resonance cross sections required by LAPHANO and LAPHFOR were calcu-
lated for Na-23 and Fe with the MACK program. Vanadium gamma produc-
tion cross sections were also generated with LAPHFOR from a recent ORNL
evaluation [27]. Photon production cross sections for Li-6, Li-7, Nb,
and C-12 were obtained from data in reference 7 which were generated
with the POPOP4 program [83,84]. It was shown in chapter 3 that these
gamma production cross sections for Li-6, Li-7, Nb, and C-12 suffer from
large uncertainties. For a blanket of 50 cm consisting of 95% natural
lithium and 5% structure, the total energy of the gammas produced by
lithium is roughly 30% of the total energy of photons produced in the
blanket. The latter is‘only about one-third of the total gamma energy
production produced in the 1 cm first wall, the 50 cm blanket, and the
20 cm stainless steel reflector region. Furthermore, the total gamma
heating in such systems is about 30 to 40% of the total nuclear heaﬁing.
Therefore, 20 to 30% error in the lithium gamma production data has the
effect of changing the nuclear heating by only about 1 to 2%. This is
fortunate since lithium is used in all the designs presented in this
chapter. For systems employing niobium in the first wall, the error in
the total nuclear heating due to a 20% error in the energy of gamma pro-
duction by niobium is about 4 to 5%. However, the error in the nuclear
heating in a niobium first wall is roughly the saﬁe as the error in the
niobium secondary photon production. 1In a system consisting of a l.cm.
first wall, a 40 cm. blanket of 95% Li plus 5% structure, followed by

25 cm. reflecting region of graphite, the total energy of the secondary
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photons produced by C-12 is only about 4% of that produced in the system.
Hence, 20 to 307 uncertainty in the data for C-12 gamma production has
little effect on the total nuclear heating in the system,

The fluence-to-kerma factors and group cross sections by reaction
were generated for all materials from ENDF/B III with the MACK program
as described in chapter 3. The derived data were then arranged 1q a lib-
rary, called RESPONSE, which has a format convenient for use with exist-
ing transport codes. For each material, there is a "response' table in
ANISN crosé section table format. Each position in the response table
corresponds to a specific respoﬁse function; e;g; (n,2n) cross'section,
kerma factor for (n, charged particles) reaction type, total kerma fac-
tor, etc. The RESPONSE library has proved extremely useful in evaluat-
ing all the response rates of interest here. A brief description of the
RESPONSE library is given in Appendix D. The library has been placed
at the Radiation Shielding Information Center (RSIC) at ORNL for dist-
ribution.

Radiation damage to CTR materials, particularly the first wall,
currently represents a major feasibility problem. Rates of charged par-
ticles production and atom displacement are the most important neutronics
results since they constitute the basic input to radiation damage studies.
Such results are presented and compared for the important CTR materials
in the following sections. Helium, hydrogen and tritium productions are
calculated with the (n,a), (n,n'a), (a,n'2a), (n,n'3a), (n,p), (n,n'p),
(n,t) and (n,n't) cross sections obtained from the RESPONSE library dis-
cussed above. The displacement cross sections were also included in the

RESPONSE library for the refractory metals and stainless steel. Some
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comments on atom displacement and displacement cross sections are given
below.

Among the effects of neutron irradiation on metals is the displace-
ment of the material's atoms from their original lattice positions. The
atomic displacements produce point defects which may cluster into defect
loops and harden the materials. These point defects may also cluster
and remain as voids resulting in swelling and an increase in‘creep rates.
The number of atom displacements is a measure of the radiation-induced
changes in the physical properties of materials [86,87]. The number of

displacements per étom, dpa, is defined to be
dpa = [ ¢(E) 04(E)dE

where ¢(E) is the neutron flux and Od(E) is the displacement cross sec-
tion at incident neutron energy E and is given by
Tmax
04(E) = ] 04(E) [ P4{(E.T) v(T)dT
i Eq
where 03 (E) is the cross section for reaction i at incident neutron en-
ergy E, Pi(E,T) is the normalized probability that a reaction 1 induced
by a neutron of energy E will produce a primary knock-on atom (PKA)kof
kinetic energy T. V(T) is the number of displacements per PKA and is
usually derived from theoretical models [85-90]. v(T) is inversely pro-
portional to Ed, where Ej is the effective displacement energy for the
material. Accurate values of E4 are not known for most materials. Most
of the displacement cross sections currently available in the literature
include only elastic and inelastic scattering [85]. Doran [88] added

the contribution of the (n,2n) and (n,Y) reactions in addition to elastic
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and inelastic scattering for stainless steel and tantalum. His displace-
ment cross sections [91] are used in this work. Almost all displacement
cross section§ currently available have an accuracy not better than 50%
because of 1) the neglect of the contribution from important reactions
such as (n,0) and (n,p), 2) employing several simplifying assumptions

in the solution of the kinematics equations, and 3) large uncertaiﬁties
in the parameters Eq and v(T). Hence, all dpa values calculated in the

following section have this uncertainty.
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5.4 General Description and Requirements of Blanket and Shield

As mentioned earlier, reactors operating on the D-T cycle and using
magnetic confinement are the type considered in this work. However,
since about 50%Z of the neutrons produced in the D-D cycles are 14 MeV,
most of the neutronics and photonics results derived here apply equally
well, except for a normalization factor, to D-D reactors.

A schematic of a fusion reactor is shown in figure 5.1. The plasma
is confined to a region of radius p by superconducting magnets cryogen-
ically cooled to about 4°K. In a D-T reactor, 17.6 MeV of energy is re-
leased per fusion reaction in the form of an alpha particle and a neutron
with average kinetic energies of 3.5 and 14.1 MeV, respectively. In
systems utilizing magnetic confinement schemes, most of the alpha part-
icles will be trapped by the magnetic field.. The plasma region, however,
is nearly vacuum as far as the neutrons are concerned and they escape
freely. These 14 MeV neutrons rebresent the source of recoverable
energy in this power producing system. The neutrons therefore must be
slowed down converting their kinetic energy into heat in a region sur-
rounding the plasma. This region is called the blanket. Since tritium
is not available in nature, at least a tritium atom per fusion reaction
must be produced through nuclear reactions in the blanket. Lithium is
the only material with adequate potential for tritium production and
hence it must be present in one form or another in the blanket. Lithium
is also a good neutron moderator and heat transfer coolant and therefore
it can perform the three basic functions of neutron slowing down, trans-
porting the heat generated in the blanket into the "conventional part

of the plant and tritium production. Being a liquid metal, lithium
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flowing in a magnetic field of about 100 KG requires excessive pumping
power unless the flow pattern is very carefully designed {92-94]. Em-
ploying flibe (LiF-BeF) as a coolant in a lithium moderator or as both
coolant and moderator has also been proposed [6,7 & 11] because of the
low electrical conductivity of this molten salt.

While lithium is excellent for tritium regeneration and heat re-
moval, its moderating power below a few MeV is low and is roughly one-
third of that for graphite. Therefore, it is desirable to use other
materials such as graphite or stainless steel in the reflector region
(see figure 5.1).

The first surface seen by the neutrons is subjected to severe rad-
iation damage and heating from Bremsstrahlung, synchrotron, and neutron
radiation and charged particles bombardment. The first wall material
therefore must be radiation-résistant and have a low coefficient of ex-
pansion and high thermal conductivity. Some aﬁount of structure is re-
quired in the blanket and is likely to be (but not necessarily so) of
the same material as the first wall.

About 1000 KW of electric power is required to pump 1 KW of heat
from 4°K to 300°K. Since the superconducting magnets are cryogenically
cooled at about 4°K, it is extremely important to minimize energy dep-
osition in the magnet. If only about .1%Z of the plant power output is
to be spent for refrigeration requirements the 14 MeV neutrons must be
attenuated in energy by a factor of 109, This factor is independent of
(or at least insensitive to) the wall loading. Since the blanket region
requirements are satisfied by roughly a factor of 102 attenuation an

efficient shield has to be designed for the region between the blanket
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and magnet.

The above discussion defines the general features and requirements
of the blanket and shield region. In summary, the blanket and shield
have three major functions: 1 - convert the kinetic energy of plasma
neutrons into heat, 2 - breed tritium, and 3 - attenuate the neutrons to
the permissible levels imposed by the magnet refrigeration system. A
full-scale design of a fusion reactor system is a complex process in-
volving a number of physics and engineering disciplines. The design is
usually confronted with wide variety of conflicting requirements and
therefore involves necessarily the familiar trade-offs between the var-
ious requirements. However, in the selection of reactor materials and
design of the blanket and shield several stringent requirements must be
carefully considered in additibn to the three major functions discussed
above. Among these requirements are
1 - low induced fadioactivity and afterheat,

2 - minimum potential hazards to the public,

3 - reactor components, particularly the first wall, must have acceptable
life under the severe radiation damage expected from high wall loadings
dictated by economics considerations.

4 - compatibility of the various materials employed

5 - low cost per unit power output (relatively inexpensive materials,
small inner magnet radius, modest maintainance requirements, etc.)

With the basic requirements to be satisfied in the blanket and
shield design defined above we can now proceed to investigate the neu-

tronics and photonics aspects of the nuclear design.
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5.5 Neutronics and Photonics Design of Blanket and Shield

5.5.1 Introduction

This section is concerned with the nuclear design of the blanket
dnd shield, and is organized into four parts: first wall and structural
materials, main blanket region, reflector, and shield. For each region,
a series of designs is investigated using the calculational techniques
and nuclear data described earlier in section 5.3. It is helpful at this
point to discuss and define some of the quantities and parameters used
repeatedly in this section. Some of these were used previously in the
literature, but the exact meaning of each parameter was ﬁot the same in
all works.

The results presented here are based on one-dimensional cylindrical
geometry. Hence, they are independent of the reactor type. However, the
reactor is assumed to operate on the D-T cycle and utilizes a magnetic
confinement scheme. The results are also not affected by plasma par-
ameters except for a slight dependence on the plasma radius, rp, and the

first wall radius, r

ws a8 discussed below.

A quantity of importance in fusion‘reactors is the neutron dall
loading. The neutron wall loading is defined as the total energy of the
plasma neutrons transported into the first wall per unit time per unit
surface area of the wall. Mathematically, the neutron wall loading, W,

is defined as
W, = E.J (5.1)

where E; is the average energy of fusion neutrons ( = 14.06 MeV for D-T)

and J . is the source neutron current to the first wall. A neutron
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wall loading of 1 MW/mZ corresponds to a neutron current of 4.43 x 1013
neutrons/cm2 sec to the first wall. A similar quantity, W,., can be de-
fined for charged particles and radiation to the first wall. The total

wall loading, WT, is then
Wp = W+ Wy | (5.2)

The neutrons undergo a variety of endothermic and exothermic reactions

in the first wall and blanket. Hence, the recoverable energy, designated
as E gg, which is deposited in the first wall, blanket, and reflector
may be greater or smaller than Eg. An effective Q-value for the system,

designated as Q,, is defined by the relation
Eeff = Eg + Qp (5.3)

The total energy per unit time (i.e. power, Psystem) produced in the

system is then given by

Psystem = [ Wr + Wy (1 + Qefe/Eg) 1°Ay (5.4)

where Aw is the total surface area of the first wall. An effective wall

loading, Woffs> can also be defined as
Weff = Pgystem/Aw (5.5)

The fusion neutron current to the first wall, Jhws 1s simply re-
lated to the plasma parameters. Jhw times A is equal to the total num-
ber, Sﬁp’ of neutrons produced by the plasma per unit time. Since one
neutron is produced per fusion reaction, this is also equal to the num-
ber of fusion reactions per unit time. The following relation can be

written
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where we assumed the central cross section of the reactor to be perfectly
circular, L is the reactor length in the direction of the cylinder, or
toroidal axis,andRp(r) is the fusion rate per unit volume.

The normalization used in deriving the results presented in this
chapter needs explanation. Since one-dimensional geometry was employed,
all of the results and the source strength are taken per unit length in
the unbounded direction. 1In all calculations, rp was taken as 2.5 meters
and rw as 3.0 meters. The results are generally presented in two differ-
ent ways. The first way is to tabulate the response rates (reaction
rates, rates of neutron and gamma heating, ete.) by zone. The response
rate given by zone is the spatial integral of the volumetric response
rate over the volume of the zone. 1In this case, the results are norm-
alized to one source neutron per unit time. These result can also be
interpreted as the total response rate in the zone per unit surface ares
of the first wall per unit neutron current to the first wall including
the 1/r effect of cylindrical geometry.

The other type of results is encountered in presenting the spatial
distribution of the response rates, usually given in graphical forms, in
units of response per unit volume per unit time. Here, the source
strength, Snp’ is again normalized to one fusion neutron per second per
unit length in the unbounded direction but the response rate at every
spatial point r is multiplied by 2mr. Hence, the spatial distribution of
the response rate is normalized to s unit neutron current density (i.e.
an =1 n/cme-sec) and corrected for the 1/r effect.

Because of the linearity of the Boltzman transport equation, the

response rates are directly proportional to the neutron source strength
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Snp’ neutron wall current an, or neutron wall loading wn. Hence, all
the results presented in this chapter can be easily renormalized to
any desired source strength or neutron wall loading.

It should be noted that these choices of normalizing the results
nearly eliminate the dependence on o The response rate at a point
r, when presented as described above, depends only on the ratio r/rw.
Hence, the dependence of the results given here on ro is relatively
weak.

All percentages of material compositions given are by volume un-

less otherwise indicated.

5.5.2 TFirst Wall and Structural Materials

Several materials have been proposed for use as first wall and
structural materials in the blanket. The strongest candidates are
vanadium, niobium, molybdenum, and stainless steel. The first three
are refractory metals and offer the most attractive high temperature
characteristics for use in CTR systems. It is very likely that alloys
such as Nb-1 Zr, V-20 Ti, or TZM alloys will be used rather than the
pure metals. The neutronics and photonics results are usually not
greatly affected by low concentrations of alloying materials.

The first wall and blanket structural material would preferrably
meet the following requirements:

1 - Low nuclear heating in the first wall is highly desirable to ease
the heat transfer problem, particularly with a liquid metal flowing in
a strong magnetic field.

2 - Minimum induced radioactivity and afterheat.
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3 - results in favorable effects on neutron economy and energy multipli-
cation.
4 - minimum radiation damage (helium and hydrogen production, dpa, swel-
ling, sputtering, etc.) allowing for acceptable life under high wall
loadings dictated by the economics of the system.
5 - compatibility with the coolant.
6 - easy fabrication.
7 - reasonable cost.

Molybdenum is generally rejected on the ground of extreme diffi-
culty [59 & 99] in fabrication. Further, the nuclear data for charged
particle and secondary photon production in Molybdenum is not known to a
reasonable accuracy. Therefore, molybdenum is excluded in the following
discussion.

The choice of the thickness of the first wall involves considerations
of thermal stresses, buckling stresses, corrosion and sputtering in ad-
dition to neutronics effects. Figure 5.2 shows a reference design for
which a series of calculations were made varying the thickness of the
first wall. Table 5;2 compares the neutronics results for .5, 1.0, and
2.0 cm niobium first walls. As expected, the total number of (n,2n),
(n,a) and (n,p) reactions in the first wall increases with thickness.
The tritium production increases in Li-6 and decreases in Li-7 with the
net result that the tritium breeding ratio decreases as the first wall
thickness is increased. This result differs in its implication from the
Impink conclusion [52] that the tritium breeding is a maximum for moly-
bdenum wall thickness of 2.0 cm. The fact that the tritium breeding

ratio decreases as the wall thickness is increased can be explained as
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follows. The main competition at high energy is between Nb(n,2n), in-
elastic scattering in Nb and Li7(n,n'u)t reactions. Source neutrons
undergoing inelastic scattering in niobium emerge with an average kinetic
energy of 2.4 MeV, Therefore, most of these neutrons are below the
threshold for the L17(n,n'a)t reaction. The average kinetic energy per
neutron emerging from (n,2n) reaction induced by a 14 MeV neutron is
about 1.5 MeV. Hence, a very small fraction of these neutrons can induce
Li7(n,n'a)t reactions. Although two neutrons are produced per (n,2n)
reaction, the Li7(n,n'a)t reaction is preferable from a total tritium
production point of view. The probability that each of the two neutrons
of the (n,2n) reaction gets absorbed in the Li6(n,a)t reaction is less
than unity. On the other hand, for each L17(ﬁ,n'a)t reaction, a tritium
atom is produced in addition to a neutron. This neutron has almost the
same probability for inducing a Lie(n,a)t reaction as the average prob-
ability per neutron from the (n,2n) reaction. Therefore, the presence
of materials with high (n,2n) cross sections in a natural lithium blan-
ket does not increase the tritium breeding ratio. This result is ap-
plicable only to materials with relatively high (n,2n) thresholds such
as niobium, vanadium, molybdenum and iron. The average energy per neu-
tron emerging from Beg(n,Zn) reactions is more than twice that from
Nb(n,2n) or V(n,2n) reactions with a good fraction of these neutrons well
above the threshold for the L17(n,n'a)t reaction. Hence, the presence
of beryllium with lithium does increase the tritium breeding ratio as
wili also be shown shortly for several designs,

Vogelsang [101] showed that for typical fusion systems, doubling

times shorter than a year are obtainable with tritium breeding ratios
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of about 1.05. Allowing for 10%Z loss of neutrons due to parasitic
absorption in and streaming out of the access regions, a tritium breed-
ing ratio of 1.15 in one-dimensional model calculations is adequate.
Therefore, increasing the first wall thickness to 4.0 cm does not lower
the breeding ratio below a satisfactory level.

The main conclusion that can be derived from the above results (see
table 5.2) is that no neutronically unacceptable effects arise from using
a first wall thickness somewhere betweén 0.0 and 4.0 ém. Hence, the
designers are free to chose the optimum wall thickness satisfying the
thermal and buckling stresses, corrosion, blistering, and sputtering.
This will vary from one.material to another. Previous work [92 & 99)
has found that a 0.25 to 1.0 cm wall thickness would satisfy these re-
quirements for stainless steel and niobium.

The most difficult question in the nuclear design of fusion reactors
is the design of the first wali. Several materials have been proposed.
To compare the various responses for these materials, a series of neu-
tronics and photonics calculations were made for the configuration of
figure 5.3 with the first wall and structural materials as vanadium,
niobium, and stainless steel. All the designs in this chapter are given
three digit identification numbers. Here, the identification numbers are
301 for niobium, 302 for vanadium, and 303 for stainless steel first
walls and structure designs. The calculations were run for the config-
uration shown in figure 5.3 with an additional 20 cm region of 70% Pb
plus 30%Z B,C and outer albedo boundary condition obtained from complete
blanket and shield calculations given later. It was found that the neu-

tronics and photonics results in the first seven zones in figure 5.3 are



257

insensitive to the composition of the shield. The results in zone 8 are
not appreciably affected’by the rest of the shield if it is followed by
roughly 20 c¢m of the actual shield composition.

Figures 5.4 and 5.5 compare the spatially dependen£ helium and hy-
drogen production for niobium, vanadium, and stainless steel in designs
301, 302, and 303, respectively. The normalization of the graphical and
tabulated results was discussed earlier in the introduction fof this sec-
tion. Figures 5.4 and 5.5 show that helium and hydrogen production are
highest‘in stainless steel, lower in vanadium, and the lowest in niobium.
Table 5.6 summarizes all the important reéults for the three structural
materials and it shows that helium production in a stainless steel wall
is more than 13 times that in niobium and is ébout 4.3 times that in a
vanadium wall. These ratios are roughly the same fof the structure in
the various blanket zones. Hydrogen is produced with the ratio 1:1.67:
7.8 in the three materials with stainless steel the highest and niobium
the lowest. This difference in helium and hydrogen production is mainly
due to differences in (n,a) and (n,p) cross sections as shown in figures
5.10 and 5.11.

Figure 5.6 compares the spatially dependent dpa (displacements per
atom) in the three structural materials. In the first wall, the dpa 1is
the smallest in vanadium, slightly higher in niobium and highest in
stainless steel. The number of displacements per atom decreases roughly
exponentially and more rapidly in niobium than in vanadium. For 1 MW/m?

neutron wall loading (i.e. fusion neutrom, J_. , to the first wall of

nw

4.43 x 1013 neuttons/cmz-sec) each atom is displaced about .15 times each

year in niobium and vanadium and about 20 times each year in stainless
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steel,

Figure 5.12 shows that the (n,2n) cross section is relatively small ‘
in iron, higher for vanadium, and highest for niobium. The number of nu-
clides per unit volume however, is largest for stainless steel, and
smallest for niobium but the relative order of the (n,2n) reaction rate
in three materials in the first wall and blanket zones follows the rel-
ative order of the cross section. Although the (n,2n) reaction rate in
niobium is higher and the threshold is lower than in vanadium the tritium
breeding ratio is larger in blankets with vanadium structure than with
niobium. Inelastic scattering in stainless steel and niobium is more
effective in slowing the neutrons down past the Li7(n,n'a)t reaction than
in vanadium. Furthermore the radiative capture reaction rate, although
small, in niobium is about 10 times that in vanadium.

The neutron and gamma heating rates for designs 301, 302, And 303
are summarized by zone iﬁ tables 5.3 through 5.5. The spatially depend-~
ent heating rates are given in figures 5.7 through 5.9 for the three
designs. A comparison of heating rates in the three designs is also in-
cluded in table 5.6. These results show that the total heating rate in
niobium is about 2.3 times that in a vanadium and 1.2 times that in a
stainless steel first wall. The gamma energy production and gamma energy
deposition in the three materials are in the same order as the total
nuclear heating, but the neutron heating is highest in stainless steel,
lower in vanadium, and lowest in the niobium wall. The relative magni-
tude of the neutron heating in the three materials follows the relative
magnitude of the neutron kerma factors as previously discussed (see
figures 3.15 and 3.16 in chapter 3). The gamma production is the lar-

gest in niobium because of the large inelastic scattering. The gamma
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energy depostion is also the highest in niobium because it has the
largest atomic number and secondary gamma source among the three ma-
terials. The comparison of the total energy deposition in the system
for the three designs shows that using niobium increases the useful
power by about 1.1 MeV per fusion reaction over a stainless steel and
by 1.0 MeV over a vanadium system. This is a nontrivial gain since it
represents an increase in the system power output by about 6 to 7%.
Vanadium is also slightly better than stainless steel in this regard.
The origin of the better energy production with niobium than with either

stainless steel or vanadium is the reaction Q-values

Reaction Vanadium Niobium Fe56

(n,2n) -11.0545 -8.8199 ~11.2040
(n,a) -2.047 +4.9452 +0.322
(n,p) ~-1.678 +0.692 -2.919
(n,Y) +7.3085 +7.2304 +7.6415

for reactions in which conversion of mass into kinetic energy or vice
versa occurs as can be seen from the above table (Q-values are listed
in units of MeV).

There are two other important considerations in the comparison of
structural materials. These are induced radioactivity and the associated
afterheat and void formation and the associated creep. Investigations by
others [70, 72, 76, 97 and 98] in decay heating in fusion systems show
that a - for a 1000 MW(th) fusion reactor with a niobium wall the decay

power at shutdown is 6 MW, and b - stainless steel is worse, molybdenum
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is slightly better, énd vanadium is ‘much better with the activation
level about a factor of 10 lower than in the niobium system. Very lit-
tle is known about irradiation behavior of most of the CIR materials
under high energy neutron irradiation. Extrapolation of the data from
material irradiation in fission spectra [96] and allowing a factor of 10
for the hardening of the spectrum in a fusion reactor shows the wall
lifetime in almost all materials is limited to a fluence of less than
1022 nvt. Since for a 1 MW/m? neutron wall loading the fluence per year
is about 2.8 x 1022 (there is roughly a factor of 2 between the neutron
flux in the first wall and the neutron cuirent to the wall)., This means
that the piant should be operated at a wall loading less than the 1 MW/m?
favored by economics [99] and the first wall has to be replaced once
every year. Reference 96 indicates that there is virtually no swelling
up to 9 x 1022 pyt (fast fission neutrons) in the V-1%Z Ti alloy which
indicates that it can be used in fusion reactors with 1 Mwlm2 or higher
for a lifetime of 20 years. |

The above discussion shows that no one ﬁatetial emerges as the best
choice for the first wall and structure. ”Molybdenum is extremely dif-
ficult to fabricate. Stainless steel has an undesirably low melting
point which reduces the plant thermal efficiency in addition to lower
"energy multiplication" compared with niobium and vanadium. Hénce, the
choice seems to narrow down to niobium and vanadium. Niobium has a high
melting point and high energy multiplication, but has the disadvantages
of a large afterheat and a high heating rate in the first wall. V-1% Ti
has the advantages of much better radiation damage characteristics, the

lowest heating rate in the first wall, and the lowest afterheat among
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the materials investigated above. A disadvantage of using vanadium in-
stead of niobium is a reduction in energy production of about 1 MeV per
fusion reaction as shown above but the possibility of operating the van-
adium alloy under a higher wall loading than niobium improves signif-

icantly the economics of vanadium systems over those employing niobium.

5.5.3 Blanket region

In D-T reactors, 17.6 MeV is released in a fusion reaction compared
with 200 MeV per fission reaction. 1In addition, all the useful energy
in a fusion reactor must pass through one critical section and hence the
wall loading seems to be limited to values lower than desired from an
economics point of view. Furthermore, the capital cost of fusion reac-
tors is likely to be higher than that of fission reactors [99] and low
operating cost in fusion compafed with fission reactors is not likely to
compensate for the low energy produced per fusion reaction. Hence, ways
of increasing the energy multiplication per fusion neutron must be in-
vestigated. Fission-fusion symbiosis has been proposed [54] for the
purpose of increasing energy multiplication but the complicated safety
and maintainance aspects in such systems is a strong disadvantage. The
subject of increasing energy multiplication in fusion reactors deserves
a separate detailed study. However, two concepts for improving the ef-
fective energy produced per fusion neutron are investigated next. Before
proceeding into this discussion it should be noted that higher effective
energy production values (22 to 30 MeV per fusion neutron) have been
quoted in literature. Much lower values are calculated here. The main
reason for the difference is that in the present work we use consistent

and energy preserving sets of kerma factors and gamma production cross
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sections while previous works employed kerma factors which are too large.

Natural lithium consists of 7.42% Li® and 92.58% 1i’. The dominant
reaction in Li’ is the (n,n'0)t which is important at high energy and
has a Q-value of -2.467 MeV. The most important reaction in Li® is the
(n,a) which has a large 1/v cross section at low energy and a Q-value
of +4.785 MeV. Both isotopes have other exothermic and endothermic re-
actions but these two dominate the total reaction rates. Therefore, the
energy multiplication may be increased by enriching lithium (increasing
the isotopic ratio of LiB). To see the effect of enriching lithium on
energy multiplication in the blanket, a series of neutronics calculations
were carried out for the system shown in figure 5.3 with a vanadium first
wall and structure. The isotopic ratio of Li® in lithium was increased
from the natural abundance of 7.42% (design 401) to 15% in design 402,
30% in design 403 and 50% in design 404. For photonics calculations,
the only change in the four problems is the gamma production source.
Hence, gamma heating can be calculated by simple spatial and energy
integration (actually discrete summation) of each source times the ad-
joint (for gamma kerma factors) as described in the last chapter. How-
ever even this integration is not necessary since the total energy of
the gamma production source (in addition to neutron heating) suffices
for comparing the energy multiplication in the four problems. The total
energy produced in the system (first wall, lithium blanket and reflect-
or region; see figure 5.3) is given as a function of Li enrichment in
table 5.8. The results show that the gain in energy multiplication as
the Li6 isotopic ratio is increased is only 0.06% for 15% Li6, and 0.5%
for 50% Lié. Given the fact that isotopic enrichment is an expensive

process, these results imply that the economics for lithium-enriched
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systems may be worse than for systems operating with natural lithium. The
reason for the increase in energy multiplication is small can be seen from
table 5.9 which summarizes the rates of exothermic and endothermic reac-
tions in Li6 and Li7. The reaction rates are compared in table 5.9 for
the two cases of natural lithium (7.42% Li6) and 30.07% Li6 abundance in
lithium. An increase in the LiG(n,a) reaction rate by 0.1487 reactions
per fusion neutron corresponds to a net gain of 0.7117 MeV. The (n,n')d
high energy reaction in LiG»is endothermic and increasing the Li6 iso-
topic ratio in lithium results in an energy "loss" through this reaction.
The net gain in Li6 is 0,31 MeV. All reactions in Li7 are endothermic
and therefore decreasing the percentage of Li7 in lithium results al-
ways in a decrease in the energy loss. Decreasing Li7 from 92.58% to
70% reduces the energy loss and hence corresponds to a net gain of 0.48
MeV. Therefore, enriching lithium in Li6 slightly increases the energy
multiplication through a reduction in the energy loss in Li7 and to a
smaller extent through an increase in the energy gain in Li6. It can
also be seen from table 5.9 that increasing the Li6 percentage in-
creases the high energy endothermic reactions in vanadium, iron, chrom-
ium, and nickel with the net result of a loss in energy multiplication.

As a consequence of the above results, it is concluded that increas—
ing the isotopic ratio of Li6 in the lithium blanket does not significan-
tly improve the economy of the system. While the number of Li6(n,a)
reactions can be made 1.0 or greater per fusion neutron with a gain of
4.786 MeV the effective Q-value for the blanket as shown above is only
about 2 MeV. This is because the most important high energy reactions

are endothermic with large Q-values in all the materials in the blanket.
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If the 14 MeV neutrons are slowed down in a virtual material with only
elastic scattering and the low energy neutrons are passed then in iron,
vanadium, or niobium there is a gain per fusion neutron of 7 to 8 MeV
from radiative capture. This is impractical, however. Another altern-
ative is to multiply the number of neutrons through the (n,2n) reactions.
Each neutron suffers an energy loss of about 9 MeV in niobium, 11 MeV
in vanadium, 13 MeV in iron per (n,2n) reaction. Therefore, if the two
neutrons are virtually absorbed in Li% the net result is still a loss of
energy. The situation is different, however, with Be-9 since the (n,2n)
reaction in this material has a O-value of only -1.6 MeV which is smal-
ler in magnitude than that for any other material. The possibility of
improving'the energy multiplication in the blanket through the use of Be~9
is investigated next.

Design 401 described earlier which is shdwn in figure 5.3 with van-
adium as the first wall and structure was chosen for investigating the
effect of adding beryllium to the blanket. The design was kept the same
but an amount of beryllium equivalent to a 4 cm thick layer was homogen-
ized with the first lithium region which is 20 cm of 95% natural lithium
‘plus 5% vanadium and the new design was given the identification number
405. Design 406 is the same as design 405 except that the beryllium
thickness was increased to 10 ecm. Table 5.10 summarizes the effect of
adding 4 cm and 10 cm of Be on the important reactionms, heating, and
secondary gamma energy production. The results show that the tritium
breeding ratio in natural lithium increases from 1.46 in design 401 (no
beryllium) to 1.68 in design 405 (4.0 cm Be) to 1.91 in design 406 (10.0

cm Be). The total energy production increases by 9.3% and 18.45% when
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4.0 cm and 10.0 cm of Be, respectively, are added. The energy‘leakage
to the shield was not added in all cases because this energy is general-
ly not recoverable with high efficiency for power production. However,
it is generally 0.02 to .07 MeV and does not affect any of the above
results appreciably.

It is seen from the above results that adding 4 cm of beryllium
increases the power output by about 107 which is large enough to offset
the high cost of beryllium. Unless the cost of 4 cm of Be is greater
than 97 of the total plant cost it is economical to use beryllium. As
discussed earlier and from results to follow, the first wall, blanket,
reflector, shield and magnet regions are of roughiy 3.0 meters thickness.
The average density of the materials in this region is about three times
that of Be with an average coét thét is uncertain at present but is
somewhere between $7/1b to $15/1b [99]. The price of beryllium is high
and uncertain too but has an estimated upper price of $60/1b {100].
Therefore, the price of 4 c¢m Be is less than 37 of the total cost of the
plant. Since the net gain in power is greatervthan 9%, it is economical
to use beryllium. 10 cm of Be costs roughly 82 or less of the total
plant cost but the power increases by about 187% with the net result of
a lower cost per unit power. Although no detailed estimate of the cost
per unit power was performed in this work, these qualitative arguments
show that the benefits from using beryllium warrants future studies for
assessing the various aspects associated with using beryllium such as
toxicity and high helium production. Each (n,2n) reaction in beryllium
is followed by the emission of two alpha particles and table 3.10 shows

that for each fusion neutron 0.69 alpha particles are produced in a
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beryllium layer 4.0 em thick.

3.5.4 Reflector (Intermediate) Region

As shown from the above calculations, a lithium region of about
40 cm is adequate for satisfying the requirements of tritium regenera-
tion. Most of the neutrons are also slowed down converting their kinetic
energy into heat in this lithium region. However, the average kinetic
energy of the neutrons streaming out of this region is roughly 7 MeV and
the net energy leakage is about 1.5 to 2.0 MeV per source neutron. Clear-
ly , this large amount of energy cannot be allowed to pass directly into
and be "wasted" in the shield which must be operated at low temperatures.
Therefore, an intermediate region between the lithium and shield regions
is required to perform the following functions.

1 - moderates and reflects a large fraction of the neutrons back into
the lithium region increasing the tritium production per uniﬁ volume and
allowing a thinner lithium region to be employed, |

2 - extracts néarly all the remaining kinetic energy from the neutrons
thus increasing the recoverable energy and &ecreasing the energy leakage
into the shield, and

3 - if possible - multiplies the energy production.

Obviously, the thickness of the lithium region can be increased to
perform the above functions. However, this choice has the following dis-
advantages: 1 - the moderating power of lithium for fast neutrons is
low and is roughly one-third of that for graphite and one-fifth of that
for several heavy materials. Since it is essential to minimize the
thickness of the blanket and shield as discussed shortly, it is highly

desirable to use materials with high moderating power., 2 - Because
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of the relatively low moderaﬁing power of lithium, increasing the lith-
ium region lowers the tritium production per unitvvolume in the inner
1ithium regions with a net modest increase in the tritium breeding ratio.
Both effects are undesirable because increasing the total tritium pro-
duction beyond that required results in more tritium hazard and lower
tritium concentration complicates the problem of tritium recovery.,
3 - Increasing the lithium inventory increaséé‘the hazard of accidental
potential energy release and 4 - Increasing the 40 cm lithium region
into 60 cm increases the Liﬁ(n,a) reaction rate by only about 10%.
Hence, the enérgy multiplication is not high'to warrant an allowance
for the difficulties given in 1, 2, & 3. |

As a consequence, the thickness of tﬁe lithium region shoﬁld be
kept to a minimum that satisfies the tritium’regeneration requirements'
and the lithium region should be followeé by a better moderator, reflec-
tor, and energy multiplyingmaterial. Graphite has been widely used for
neutron moderating applications and haé also been proposed for use in
fusion reactors. Iron, on the other hand, has coﬁsiderably better neu-
tron attenuation characteristics and‘the poséibility of using it in the
reflector region is explored here. Imn order ﬁot to perturb the magnetic
field it is necessary that the materials employed be nonmagnetic. Hence,
stainless steel which has more than 707 iron and is nonmagnetic should
be used. Furthermore, the nickel and chromium contents of stainless
steel are useful for covering the well known iron "windows" associated
with the minima in its total cross section.

To bring up the salient points in comparing graphite and stainless
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steel in the intermediate reflector region, thebconfiguration of figure
3.13 is considered. The system consists of a 1 cm first wall, 40 cm of
95% Li plus 5% structure, 25 cm intermediate region, and a 6ne*meter
shield consisting of 50% Pb + 20% Fe + 30% BAC. Calculations were car-
ried out for three designs. The composition of fhe intefmediate region
is graphite in design 110, iron in design 112, and 50% Pb + 20% Fe +
30% B4C in design 111. Iron was used in this series of calculations for
the purposes of comparison but stainless steel does not change the re-
sults significantly as is shown later. |

Tables 5.11 (a,b,c & d) and 5.12 compare the iﬁportant neutronics
_and photonics results for the three designs. Table 5.1la shows the neu-
tron heating by zone for the three materials. The neutron heatihg does
not change appreciably in the first wali and the first 30 cm of the 1li-
thium region when graphité is replaced by iron. The neutron heating is
lower in the 10 cm of lithium adjacent to the intermediate region when
iron is used because of the higher (n,Y) reaction rates in iron compared
with graphite. The neutron heating is lowest in this lithium region
when the 507 Pb + 20% Fe + 30% B4C mixture is employed in the intermed-
iate region because in the presence of Blo, neutrons slowed down have
little chance to escape absorption and be reflected back into the lith-
ium region. In the reflector region, neutron heating is lowest for iron,
higher for graphite and the highest for the mixture. Most of thg reac-
tions in graphite are elastic and (n,n'3a) while in iron a considerable
fraction of the enrgy is converted to gammas as shown in table 5.11-c.
Because of neutron absorption in the Blo(n,a) exothermic reaction, the

neutron heating is highest in the lead-iron-boron carbide mixture.
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Table 5.12 shows a summary of the results for the comparison be-
tween the three materials. Two important results can be deduced from
table 5.12.

1 - The total recoverable energy per fusion neutron in design 112 (iron
reflector) isbhigher than that for design 110 (graphite reflector) by
1.5 MeV. 1In other words, rgplacing graphite by iron increases the re-
coverable energy by 9.5%.

2 -~ The total (neutron plus gamma) energy leakage from thé iron is about
an order of magnitude lower than that from the graphite reflector.

3 - A mixture consisting of 50% Pb plus 20% Fe plus 30% B4C is better
than graphite in the reflector region from theénergyattenuation and
multiplication of recoverable energy points of view but iron is better
than either. The tritium breeding ratio drops to 1.06, which is un-
acceptable in one-dimensional calculations, when this mixture is used.
In addition, the heat géneration in the reflector region is so high that
it would be difficult to employ lead in this region because of its low
melting point.

From the above results, iron is superior to graphite in the reflec~
tor region from both an energy multiplication, and a neutron and gamma
attenuation point of view. In addition, graphite suffers from severe
radiation damage [103], mainly dimensional changes, when irradiated to
fluences higher than 1022 n/cm2 but stainless steel has better radiation
resistance at such fluences. Hence, stainless steel is superior to
graphite in the reflector region. The only question remaining to be
answered is the effect of cost considerations. Since no quality control

is required in fabricating the stainless steel for this region, its cost
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is roughly the same as that of graphite. In addition, the gain in energy
multiplication would offset the increase in cost 1if stainless steel
prices were higher. Furthermore, the stainless steel thickness required
to perform the function of 25 cm graphite is roughly 9 em. If the cost
of 9 cm stainless steel were the same as 25 cm graphite there is still a
benefit from using stainless steel since the shield and magnet volumes

would be decreased by decreasing their inner radii.

5.5.5 Magnet Shield

If the neutrons and gammas streaming out of the blanket region are
allowed to pass directly into the superconducting magnet, the total
plant power output will not be sufficient to suppl& the power require-
ments of the refrigeration system. Hence, the need for a magnet shield
is obvious. No quantitative design for the magnet shield has been pre-
viously investigated. The following discussion is devoted to the nu-
clear design of the magnet shield.

The shield is required to perform three major functions:

1 - reduces the nuclear radiation heating of the cryogenic coils to a
permissible level to be defined shortly,

2 - reduces the radiation level to the superinsulation at the inner sur-
face facing the shield in order that it may function properly without
excessive radiation damage for a satisfactory lifetime (“20 years), and
3 - keeps the radiation to the magnet to the minimum allowed by a toler-
able increase in the resistivity of the copper stabilizer and radiation
damage to the superconductor for a satisfactory lifetime.

The energy attenuation required by the refrigeration system can be
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determined by a compromise between its operating and capital cost, the
shield cost, and the increase in the magnet cost if the shield thickness
is increased. On the other hand, an increase in the resistivity of the
copper stabilizer, radiation damage to the superconductor cannot be com-
promised beyond the tolerable level for the reactor lifetime. Therefore,
a point of immediate interest is to see if the attenuation required by
the refrigeration system is sufficient to satisfy the stringent require-
ments of the stabilizer, superconductor, and superinsulation. However,
before this can be done we have to investigate first the various pos-
sible shielding materials and configurations and find out the energy at-

tenuation coefficients obtainable.

Shield Composition

A considerable fraction of the neutrons leaking out of the blanket
have kinetic energies above a few MeV., A basic requirement therefore of
the shielding material is to have a large attenuation coefficient for
high energy neutrons. Inevitably, this has to be a material of moderate
or large mass number since inelastic scattering is the most efficient
mechanism for reducing the energies of high energy neutrons. Further-
more, light materials such as water, LiH, and lithium have small total
cross sections at high energies compared with heavy materials as shown
in figure 5.14a. In order not to complicate the graph by the detailed
resonance structure of the cross section, the average cross section in
100 energy intervals was plotted in figure 5.14 versus the midpoint
energy for each interval. Stainless steel and lead have relatively

large total cross section above 3 MeV and the average secondary neutron
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energy per inelastic collision at 14 MeV is 2.2 and 2.5 MeV in lead and
iron, respectively. Both materials are available, relatively inexpen-
sive, and a great deal of knowledge about their characteristics exists.
Below the inelastic threshold, however, these materials are no longer
effective and a light material should be present. Borated water is ef-
ficient (see figure 5.14b) and is almost cost free. However, the pres-
ence of water in the same system with a high-temperature liquid metal
increases significantly the hazard of accidental energy release. Graph-
ite is an alternative choice. In addition, to minimize the gamma emis-
sion from radiative capture reactions, it is essential to use a suffi-
cient amount of B0 which has a large (n,0) cross section for low energy
neutrons and is associated with only soft gamma (.5 MeV) emission (com-
pared with a strong line at 7.6 MeV in the capture gamma ray spectrum
for iron). Boron carbide (BAC) has been used in control rod applications
in fission reactors [110] and seems to represent an excelleﬁt choice for
neutron moderation and absorption at low energies. With the theoretical

density, B,C has a high content of 810 of 0.0217 atoms/cm3. No signif-

4
icant radioactive decay products are formed in B,C irradiation but hel-
ium production is significantly large. However, if 34C is used in the
shield with only 80% of the theoretical density, the swelling problem
due to the excessive helium production can be tolerated. Boral (50% B4C
and 50% Al) is another good choice.

Based on the above discussion, a mixture of stainless steel and

boron carbide, or of lead and B4C, or a combination of the three mater-

ials are reasonable choices and further investigation is needed to find
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the optimum composition and shield depth for an overall low cost. For
this purpose, a fixed composition and configuration of the blanket
coupled to a shield for which the parameters are to be varied as shown
in figure 5.15 is considered. Based on the results presented earlier in
this section, the blanket consists of a 1 cm first wall, 42 cm of 95% Li
plus 5% structure, 20 cm stainless steel, and 7 cm of 95% Li plus 5%
structure. The first wall and blanket structure is niobium in the fol-
lowing calculations but the results in the shield are insensitive to this
choice. The extra 7 cm of lithium at the outer face of the reflector
region was introduced to meet the cooling requirements of the reflector
and inner regions of the shield. As a preliminéry criteria, the atten-
uation required in the blanket and shield should be roughlyylos. From
the previous results for design 112, this requifement can be satisfied
by roughly 70 cm of stainless steel plus boron carbide following the
blanket described above. As a starting point, figure 5.15 in which the
blanket is followed by a one meter shield was considered as a reference
design for investigating the various aspects of the shiei& design. Four
cases for the composition of the shield were considered; 70% SS plus
302 BaC (design 114), 70% Pb plus 30% BAC (design 115), 35% SS plus
35Z Pb plus 30% B4C (design 116), and 100% SS (design 117) where percen-
tages are by volume. Neutronics and photonics calculations were carried
out for the four designs. It was shown in chapter 4 that the convergence
of the discrete ordinates results for such system are achieved by Sg
and that S, overestimates the leakage by 10 to 15%. In order to reduce
the cost for these calculatioms, S4 was used. The comparison is not

significantly affected by the difference between S4 & SS' As in all
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other calculations in this chapter, P3 and cylindrical geometry were
employed. Before proceeding into a discussion of the results, a few
words about "terminology'" is in order.

The energy deposition in the magnets by neutrons and photons
streaming out of the shield increases, in general, with the neutron and
photon energies. Hence, it is appropriate in comparing the performance
of the various shield compositions to compare the "energy" rather than
the "number'" attenuations. The net neutron energy leakage at the right
boundary for a spatial zone is defined as the total energy of the neu-
trons streamipg out (to the right) of the zone minus the total energy of
the neutrons entering the zone at the right bdundary. Mathematic#lly,

the neutron energy leakage, L., at a zone boundary is then given by

Lyg = | Bp 3 (E ) dE; * 211,
and in multigroup representation,

L * 27r, . ; : (5.8)

nE * g Eng Tnog

where J, (E;) is the neutron current density for neutrons of energy E;
at the outer (right) boundary for the zone. The current density here is
the net current density (i.e, J = J¥ - J7). The subscript g denotes an

energy group and J is the neutron current density in the group. E
no

g ng
is the midpoint energy for group g and 2nr, is the surface area at the

zone outer boundary per unit length in the unbounded direction. A sim-
ilar term is defined for photons withithe subscript y replacing n. The

total energy leakage, Lrgs 1s the sum of neutron and photon energy

 leakage, i.e.
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Leg = Lpg + Lyg : (5.9)

The average kinetic energy for the neutron leakage at the outer boundary

is defined as

E o J
E, - & ;g no8 (5.10)

Jnog

g
with a similar term for the gammas,

We will assume that Ly » L s and Lyp vary exponentially with

YE
the spatial variable within the shield (it will be shown shortly that,
to an excellent approximation, this is indeed so within a region of uni-

form composition), i.e.

Lyg(r) = Lyp(o) e HnT (5.11a)
Lyg(r) = Lyg(o) e”WYF (5.11b)
Lpg(r) = Ly (o) e™MF (5.11c)

Fach u is called the energy attenuation coefficient for the appropriate

type as indicated by the subscript or by no subscript for the total.
The energy attenuation coefficient, Ag, for a distance of width ry-ry is

defined as

(ry)
Ap = bre (F2 (5.12)

LTE (rl)

with a similar term for neutrons and photons. All the results are
usually quoted here per fusion neutron (14 MeV) unless otherwise indic-

ated. The above symbols and definitions will be employed in the tables
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and text to follow.

The parameters En’ EY’ LnE’ LYE and LTE are shown for each zone in
designs 114 through 117 in tables 5.13 through 5.16. A comparison of
gamma energy production is given in table 5.17. The energy leakage, LTE’
is plotted against the distance from the inner boundary of the shield
for the four compositions in figure 5.16. Inspection of this figure re-
veals the following:

1 - LTE varies exponentially with the spatial variable in the shield, to
an excellent approximation, as assumed in equations 5.11. The energy
attenuation coefficients, un, “y’ and U in the four designs are given in
table 5.18.

2 - The total energy attenuation coefficient is equal to.l445 cm'-l for
design 114, 0.1113 for design 115, .1283 for design 116, and .0902 for
design 117.

3 -~ Comparison of LTE for designs 114 and 117 shoﬁs that the presence of
B‘C (or an alternative) is necessary. At the end of a one meter shield
the total energy leakage in a 100% stainlesé steei shield is aBout two
or less of magnitude higher than that in a shield consisting of 70% SS
plus 30% B4C. This is mainly due to two reasons. B4C is better than SS
in attenuating neutrons below about 2 MeV (see total cross sections in
figure 5.14). 1In addition, in the absence of Blo, neutrons slowed. down
eventually gets absorbed in radiative capture reactions in stainless
steel increasing the gamma energy production as can be seen from table
5.17. (see the comparison of the neutron flux in fig. 5.18)

4 - Comparison of designs 114, 115'and 116 shows that stainless steel

has considerably better neutron attenuation characteristics than lead if
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both are mixed with a fair amount of light material. (see fig. 5.16 & 5.17)
5 — Although lead is more efficient in attenuating gamma radiation,

using stainless steel does not increase the gamma energy leakage (com-
pare LYE in tables 5.13 and 5.14) appreciably. Furthermore, table 5.18

C than in Pb-B,C mixtures.

4 4
These results can be explained as follows. The photons in the shield

shows that uY is greater in stainless steel-B

came primarily from gammas produced in neutron interactions in the shield
rather than penetration from the blanket. Stainless steel attenuates
fast neutrons quickly in the first few mean free paths, thus the photons
produced have a long distance in thch to be absorbed. 1In addition, the
gamma energy leakage in the outer regions is affected most by the gammas
produced in these regions. The secondary gamma production in deeper
reglons of a SS-B4C shield is significantly lower than that in the same

regions of the Pb—Bac shield (compare designs 114 & 115 in table 5.17).

Shield Thickness

Increasing the thickness of the shield increases its cost and the
magnet cost but lowers the refrigeration power requirements. In the
following, an attempt is made to find the optimum thickness that min-
imjizes the cost for a given shield composition. For convenience, tor-
oidal reactors are considered when a reference to reactor type is needed.
For the most part, however, the results are fairly independent of the
reactor type.

The total cost of the reactor as a function of the shield thickness
is given by Total cost = magnet cost + shield cost + refrigeration cost

+ other fixed costs independent of the shield parameters .
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Since the reactor is fairly uniform in the toroidal direction the cost
can be stated per unit lenth in the toroidal direction. The above equa-

tion can be rewritten as

C.=¢C, + CS + CR +C

T M F (5.13)

where the subscripts M, S, R, and F denotes magnet, shield, refrig-
eration, and fixed costs, respectively. All the C's are in dollars per
unit length. An expression for each of these items as a function of the

shield parameters is derived next.

8 - Magnet Cost

The magnet cost is proportional to the energy stored in the mag-
netic field. This is a function of the strength, the major radius for
the torus, R, and the inner radius, T of the magnet. Since our con-
cern is the dependence on the shield thickness, all these parameters
except r are assumed fixed. Further, it is assumed that the magnet

cost, C,, varies with T to the power m, i.e.

M
rm m . .
Cy = al (=——) (5.14)
ref

a .
m m
C,=ar , a_ = m (5.15)
M m m (rref)
L tg (5.16)

where rb is the outer radius for the blanket (inner radius for the

shield). ts is the shield thickness and is the parameter to be optimized.
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b - Shield Cost

The cost is taken to be that of the material in the shield, i.e.

- 2 .
C, = ﬂ(ts + 2rbts) a (5.17)

where a_ is the cost of the shielding material in dollars per unit

volume.

¢ = Refrigeration Cost

As a first approximation, the operating cost of the refrig~
eration is ignored. Its effect on the optimum shield thickness
will be discussed later. The refrigeration capital cost is estimated
[ioh & 106] to be $6000 per watt of thermal load and it decreases with

the capacity as follows

0.6

Cr = 6000 P (5.18)

where P is the thermal load in watts. Considering only the nuclear

heating, P is given by
P = onr -W_-e Hb¥b o ~Hsbs (5.19)
W n

where r is the first wall radius, wn is the neutron wall loading, My
and U, are the energy attenuation coefficients in the blanket and
shield respectively, and tb is the blanket thickness.

Thus

~0.6pgtg
R = ae (5.20)
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where
- ~Hptp, 0.6
a 6000(2n:wwne ) (5.21)

Rewriting equation 5.13 in terms of the above parameters and minimizing
CT with respect to ts’ the optimum shield thickness, tso’ is found to be

given by

0.6 Hsar
(5.22)

t:sxo =5::L6_1T;L°ge [ o1
mam(rb + ts) + Zﬂas(rb + ts)
Tables 5.19 and 5.20 tabula;é the values of the optimum shield

thickness for different values of‘the parameters in equations 5.13
through 5.22. The enérgy attenuation coefficient, us, for the shield
is taken as 0.1447 cmrl (which is obtained from the results of design
114 for 70% SS + 30% B4C) and 0.1113 cm—1 (which is obtained from design
115 for 70Z Pb + 30% B4C) in tables 5.19 and 5.20, respectively. 1In all
cases in both tables, the value of exp(-ubtb) was taken as ,.007 which
was found to represent the energy attenuation in the blanket in all of
the designs 114 through 117 withouﬁ any significant variation. The
values of a; and L in equation 5.14 were taken from Lubell's work
[106] as $70 x 106 and 5.6 meters, respectively. It was found that 50%
change in this typical cost results in less than 5% change in the op-
timum shield thickness for the typical conditions of tables 5.19 and 5.20.
From equation 5.22 it is noted that the optimum shield thickness
varies Inversely with us, m, a s rb, and as and increases with the re-
frigeration coefficient, a_. Except for Ugs the dependence of tso on

these parameters is relatively weak due to the nature of the logar-
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ithmic function. For example, inspection of both tables 5.19 and 5.20
shows that changing the dépendence of the magnet cost on r in equation
5.24 from m=1 to m= 2, changes tso by only 3 to 8% depending on
the other parameters. Doubling the wall radius (compare cases 1 & 7, and
4 & 8 in table 5.19; 1 & 5, and 4 & 7 in table 5.20) changes the opti-
mum thickness of the shield by roughly 2%. The fesults show a relatively
strong dependence of tSo on the wall loading. It is worth noting that

if one assumes that a specified fraction of the power output is to run
the refrigerators, the attenuation required is fairly independent of the
wall loading. | |

In table 5.l9btw0-prices for ﬁhe st#inlesé-nac mixture were used.
The value a, of .088 $/cm3 corresponds to $6.4/1b for the mixture
(effective density is 6.26 gm/cms). The other value of a_ is 0.035 and
corresponds to $2.55/1b of the mixture. The'price‘for the lead-34C mix-
ture was taken as 0.92 $/1b.

Case number 5 in table 5.19 represents typical conditions for the
reactor. The wall loading is 1 MV/m s U is taken from transport calcu~-
lations and the price of the shield and magnet are realistic. This case
shows that for these conditions and for the blanket shown in figure 5.15
the total cost is minimized for a shield consisting of 70% SS + 30% BAC
by a thickness of 66.97 cm. The total cost in this case is 1.922 x 10%
$/cm and for a major radius of 12 meters is 144.8 million dollars. The
corresponding case with the lead—Bac mixture is case number 1 in table
5.20. The total price for a major radius of 12 meters is 128.42 million

dollars. These prices do not include fixed costs (see equation 5.13).

From these two cases, it is concluded that using the lead-BAC mixture
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saves 16 million dollars compared with the 55-B) C mixture. Furthermore,
from tables 5.13, 5.1k, and 5.18, these optimum thicknesses correspond
to L4.17 x lO_6 MeV to the magnet per MeV in the first wall for SS-BMC
and 1.85 x 10_7 MeV per MeV for the lead—BhC. Hence the lead BhC mix-
ture is cheaper to use and the optimum thickness corresponds to better
attenuation.

In the above optimization, the operating cost of the refrigerators
was ignored. However, for the optimum shield of the lead—BhC mixture,
the power required to run the refrigerators is only about 0.04% of the
net power output of the plant (assuming a plant efficiency of about 30%
and that a 1000 KW(e) is required for each KW of heat to the magnet).
Hence, including the operating cost of the refrigerators will not sig-
nificantly increase the optimum shield thickness. However, this oper-
ating cost can be included in cost optimization of the complete plant.

From the above results we can now find out if the attenuation ob-
tained with the optimum shield is sufficient to satisfy the requirements
of the stabilizer and superinsulation. Figure 5.19 shows the response
rates for atomic displacement in the stabilizer (copper), dose in
superinsulation (mylar), and energy leaskage as a function of the shield
thickness for a shielding mixture consisting of 35% Pb plus 35% SS plus
30% B)C. At the optimum thickness (73.8 cm) for this mixture, the dose
in mylar facing the shield is about 1.76 X 109 ergs per gram per year
for a neutron wall leading of 0.5 MW/mZ. From studies [ioéj on the
effect of radiation on magnet insulations, the mylar can operate under

such level of radiation for 20 years without severe deterioration in its
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dielectric and mechanical properties. A neutron wall loading as high

as 2.0 MW/m2 is also acceptable. Figure 5.19 shows that the maximum
displacement rate in copper at the optimum shield thickness is about

1.3 x 10—5 displacements per atom per year. It is beyond the scope of
this study to investigate the radiation damage effects on supercon-
ducting and stabilizing materials. However, from the results of a

study by Boom [iogj it can be concluded that the stabilizer can be
designed to accept levels of radiation about two times higher than

that of figure 5.19 for 20 years of operation.

5.6 A Proposed Design of a Blanket and Shield

Figure 5.20 shows a schematic of a proposed blanket and shield
design. The design can certainly be improved upon and some of the
choices can be altered. However, this design represents an adequate
and promising model according to the results of the present study.

The characteristics of this design are briefly summarized below. The
calculated responses for this system are given in detail and they can
serve as important input for further studies in areas of heat transfer,
decay heat, tritium removal, radiation damage, and general system anal-
ysis. The neutronics and photonics transport calculations were carried
out in one-dimensional geometry using the S8--P3 approximation. The
plasma wall radii, Ty and r_, were taken as 400 and 450 em. Since the
neutronics and photonics results are given below per unit current

(1 n/cm2-sec) and per unit neutron wall loading to the first wall these

results are not appreciably affected by the choice of rp and r_ as dis-
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cussed earlier in this chapter. The material chosen for first wall
and blanket structure is vanadium. As discussed in section 5.5 no one
raterial emerges as the best choice but vanadium and niobium has many
important and desirable properties. In this proposed design, vanadium
was chosen because of lower afterheat and radiocactivity and lower
heating rate in the first wall than in niobium. The lithium blanket
thickness of 40 cm was chosen to give a high tritium breeding
ratio of 1.46 in one-dimensional calculations. For practicle systems,
feed pipes, divertor, and several access regions need to be employed.
In such case, the actual tritium breeding ratio in three—dimensional
calculations will be somewhere between 1.2 to 1.3. This is adequate
for obtaining a short doubling time of roughly 100 days Eioil with
reasonable assumptions about the tritium removal system. TFor the
second generation of fusion reactors a much longer doubling time will
be required and the lithium region need to be thinned and other mat-
erials with high energy multiplication should be employed. The re-
flector region (zone 7) is stainless steel. The merits of this choice
over other alternatives, such as graphite, were discussed in section
5.5. Zone 8 consists of 5 cm 95% Li plus 5% V and provides for cooling
the reflector and the blanket structural wall (zone 9). This 5 cm
lithium can be rearranged within the reflector region to provide max-
imum cooling efficiency.

Zone 10 is a 1 cm vacuum gap and it serves as a thermal barrier
between the high temperature blanket region and low temperature shield.

Zones 11 through 20 comprise the magnet shield. As shown in the pre-
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vious section, for the materials investigated, an optimum shield, from
a cost point of view, consists of a homogeneous mixture of T0% Pb plus
30% th' An additional gain in energy attenuation is obtained using
the heterogeneous arrangement of lead and th shown in figure 5.20. An
amount of structural steel was added for structural support. Zones, 11,
14 and 17 are for helium cooling of the shield. Zone 20 serves as the
dewar  and for further attenuation of the nuclear radiation. Zone 21
is thermal insulation for the magnet and cryogenic systems. The mag-
net region (zone 22) is essentially that given by Young and Boom [103]
and is homogenized for neutronics and photonics calculations. All per-
centages in figure 5.20, as everywhere in this thesis, are by volume.
The nuclei densities used in the calculations accounted for thermal ex-
pansion and are given in table 5.25.

Spatial distribution of neutron, gamma, and total heating rates in
the blanket and reflector region in the proposed design are given in
figure 5.21 . The design is given the identification number T77. From
figure 5.21, the total heating rate in the first wall is about 5 watts/
cm3 forIlMW/m2 neutron wall loading (note that all the results vary
linearly with the wall loading). The maximum volumetric heating rate
in the blanket is about 4 watts/cm3. From figure 5.21 the ratio of the
neutron to gamma heating can be clearly seen. In vanadium and stainless
steel regions the gamma heating is much larger than the neutron heating
but the reverse is true for the lithium regionms.

Neutron heating is given by material and zone in table 5.21 .
Neutron and gamma heating and gamma energy production by zone are

given in table 5.22 in units of MeV per source neutron. Several ob-
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servations are in order. The gamma heating is only about 27% of the
total nuclear heating in the blanket and shield. The neutron heating

in lithium alone contributes about 67% of the total nuclear heating

in the system. The nuclear heating rate in the shield (zones 11 through
20) is about 2.5% of the total nuclear heating rate or about 2% of the
total thermal power of the plant (including 3.5 MeV per alpha particle).
Extracting this amount of energy at high efficiency is therefore not
crucial from total plant economics point of view. However, it is
necessary to remove this energy in order to ensure the physical integ~
rity of the shield. Table 5.22 compares also the gamma energy pro-
duction with the gamma heating by zone. The former is larger than the
latter in the first few zones of the blanket. However, the total

gamma heating in the first wall, blanket and reflector regions is
roughly equal to the sum of the gamma energy production in these regions.
Hence, the gamma energy leakage from the blanket is small and the gamma
heating in the shield results from photons produced locally by neutron
interactions rather than from photons transported from the blanket

into the shield. This latter remark is quite helpful in performing
photonics sensitivity studies of the shield.

Table 5.22 shows that the total nuclear heating is 16.43 MeV per
source neutron. Hence, the net energy per fusion reaction is 19.93 MeV,
which is lower tﬁan the values reported earlier in literature. However,
these results are not explained on the basis of simply having different
systems. They result rather because the kerma factors and gamma pro-

duction dat derived in the present work are thorough and self-consistent.



P87

Table 5.23 gives the tritium production in lithium by zone. As
discussed above the tritium breeding ratio is high and is about 1.46.
The spatial distribution of tritium production in Li6, Li7, and
total is given in figure 5.22 . The LiT(n,n'a)t reaction rate de-
creases monotonically with distance from the first wall as the spec-
trum becomes relatively softer. The Li6(n,a)t reaction decreases
with distance from first wall then increases again‘near the lithium-
reflector interface. The stainless steel reflector slows the neutron
down strongly and a good fraction of these low energy neutrons are
reflected into the lithium region.

The spatial distribution of helium and hydrogen production in
vanadiﬁm are given in figure 5.23 in units of atomic parts per million
(appm) per year for a neutron wall loading of 1 MW/m2. Figure 5.2k
shows the spatial distribution of the atomic displacements in vanadium
in units of dpa per second per unit neutron current (1 n/cmg-sec) to
the first wall and also in units of dpa per year for 1 MW/mz. From
this figure, each atom in the first wall is displaced about 14.5 times
per year if the neutron wall loading is 1 MW/m2.

Table 5.24 shows the tritium production in boron by zone in the
shield. = For each 105 source neutrons, about 3.6 tritium atoms are
produced in the shield. The presence of tritium in the shield is un-
desirable and the implication of this result should be investigated

in future studies.
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Table 5.1 Neutron 46 Energy Group Structure in eV

308

Group Limits

Group E(Top) E(Low) E(Mid-Point)
1 1.4918 (+7) 1.3499 (+7) 1.4208 (+7)
2 1.3499 (+7) 1.2214 (+7) 1.2856 (+7)
3 1.2214 (+7) 1.1052 (+7) 1.1633 (+7)
4 1.1052 (+7) 1.0000 (+7) 1.0526 (+7)
5 1.0000 (+7) 9.0484 (+6) 9.5242 (+6)
6 9.0484 (+6) 8.1873 (+6) 8.6178 (+6)
7 8.1873 (+6) 7.4082 (+6) 7.7977 (+6)
8 7.4082 (+6) 6.7032 (+6) 7.0557 (+6)
9 6.7032 (+6) 6.0653 (+6) 6.3843 (+6)

10 6.0653 (+6) 5.4881 (+6) 5.7767 (+6)
11 5.4881 (+6) 4.9659 (+6) 5.2270 (+6)
12 - 4.9659 (+6) 4.4933 (+6) 4.7296 (+6)
13 4.4933 (+6) 4.0657 (+6) 4.2795 (+6)
14 4.0657 (+6) 3.6788 (+6) 3.8722 (+6)
15 3.6788 (+6) 3.3287 (+6) 3.5038 (+6)
16 3.3287 (+6) 3.0119 (46) 3.1703 (+6)
17 3.0119 (+6) 2.7253 (+6) 2.8686 (+6)
18 2.7253 (+6) 2.4660 (+6) 2.5956 (+6)
19 2.4660 (+6) 1.8268 (+6) 2.1464 (+6)
20 1.8268 (+6) 1.3534 (+6) 1.5901 (+6)
21 1.3534 (+6) 1.0026 (+6) 1.1780 (+6)
22 1.0026 (+6) 7.4274 (+5) 8.726 (+5)
23 7.4274 (+5) 5.5023 (+5) 6.4648 (+5)
24 5.5023 (+5) 4.0762 (+5) 4.7892 (+5)
25 4.0762 (+5) 3.0197 (+5) 3.5480 (+5)
26 3.0197 (+5) 2.2371 (45) 2.6284 (+5)
27 2.2371 (+5) 1.6573 (45) 1.9472 (+5)
28 1.6573 (+5) 1.2277 (+5) 1.4425 (45)
29 1.2277 (+5) 6.7379 (+4) 9.508 (+4)
30 6.7379 (+4) 3.1828 (+4) 4.9604 (+4)
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Group Limits

Group . E(Top) E(Low) E(Mid~Point)
31 3.1828 (+4) 1.5034 (+4) 2.3431 (+4)
32 1.5034 (+4) 7.1017 (+3) 1.1068 (+4)
33 7.1017 (+3) 3.3546 (+3) 5.2281 (+3)
34 3.3546 (+3) 1.5846 (+3) 2.4696 (+3)
35 1.5846 (+3) 7.4852 (+2) 1.1666 (+3)
36 7.4852 (+2) 3.5358 (+2) 5.5105 (+2)
37 3.5358 (+2) 1.6702 (+2) 2.6030 (+2)
38 1.6702 (+2) 7.8893 (+1) 1.2296 (+2)
39 7.8893 (+1) 3.7267 (41) 5.8080 (+1)
40 3.7267 (+1) 1.7603 (+1) 2.7435 (+1)
41 1.7603 (+1) 8.3153 (+0) 1.2959 (+1)
42 8.3153 (4+0) 3.9279 (+0) 6.1216 (+0)
43 3.9279 (4+0) 1.8554 (+0) 2.8917 (+0)
44 1.8554 (+0) 8.7643 (-1) 1.3659 (+0)
45 8.7643 (-1) 4.1399 (-1) 6.4521 (-1)
46 4.1399 (-1) 2.2000 (-2)  2.1800 (-1)
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Table 5.2 Effect of Thickness of First Wall

(Results normalized to one fusion (14 MeV) neutron)

Cylinder,ls‘, P.

Design 101 107 107
thickness of - _ .
first wall 0.5 em. 1.0 em, : 2.0 em,
Response Zone
Nb(n,2n) 3 5.2897 9.8506 17.3833
x 102 & 5.2154 4.6861 3.8342
5 1.9844 1.8340 1.5716
6 0.8643 0.8037 © 0.6957
Total 13.3538 - 17.1743 23.4847
Nb(n,p) 3 1.5610 2.8655 4.9596
x 10% 4 1.6606 1.4832 1.2051
5 0.7047 0.6475 0.5501
6 0.3309 0.3061 0.2629
Total 4,2573 5.3022 . 16,9777
Lif(n,0)t 4 0.2411 0.2484 ©0.2590
5 0.2252 : 0.2283 0.2318
6  0.3421 0.3427 - 0.3411
T, 0.8084 0.8193 0.8320
Li’(n,n'a)t 4 0.3173 0.2812 » 10.2263
5 0.1522 0.1388 - 0.1167
6 0.0771 0.0709 0.0604
T, 0.5467 0.4909 0.4034
T, + T, T 1.3551 1.3102 1.2354
Neutron
Heating :
for Nb Total 0.1755 0.2194 0.2947
Li®  Total 4.5673 4.5685 4.5457
i’ Total 5.8782 5.3838 4.5806

ci2 Total 0.8335 0.7733 0.6692
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Table 5.3-a Neutron Heating (in MeV per one fusion neutron)

by Material and Zone for Design 301

Outer ] sum
Zone Radius |Material Li® Li’ Nb Fe Cr Ni by
(cm.) zone
3 301 | Niobium . 0.1275 0.1275
4 321 | 952 Li 2.1832 [3.8884{0.0650 6.1366
5 333 + 1.0849 {1.01690.0162 2.1180
6 343 | 52 Mb 0.9084 |0.5148{0.0083 1.4315
7 363 | ss v 10.2121]0.048910.0720{0.3330
8 370 | 952 L1 0.1401 {0.0210]0.0004 0.1615
+ S Nb
sum by material 4.316615.4411/0.2174}0.2121}0.0489]0.0720|10.308




Table 5.3-b Neutron and Gamma Heatiggf

for Design 301
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Outer
Zone Radius Material Neutron Gamma Total
Heating Heating Heating
(em,)
3 301 Niobium 0.1275 1.5361 1.6635
4 321 957% Li 6.1366 1.7399 - 7.8765
5 333 + 2.1180 0.6781 2,7961
6 343 5% Nb 1.4315 0.4247 1.8562
7 363 §s 0.3330 2.1933 2,5263
957 Li
8 370 + 0.1615 0.0120 0.1735
SZ Nb
Sum over zones 3 through 8
10. 3081 6.5841 16.8921

* in MeV per (14 MeV) fusion neutron



313

Table S5.4-a  Neutron Heating (in MeV per one fusion neutron)

by Material and Zone for Design 302

Outer Sum
Zone Radius Material Li® 11?7 v Fe Cr N by
{cm,) ' ‘ Zone
3 301 Vanadium 0.2208 0.2208
4 321 95% Li 2.5343 4.2939 0.1205 - 6.9487
6 33 52V 1.0448 0.5806 0.0191 1.6445
7 363 sS wee— 0.2340 0.0538 0.0801 0.2958
952 L1 .
8 370 + 0.1557 0.0235 0.0013 . '0.1805
52 V

Sum by Material 4.9966 6.0376 0.3953 0.2340 0.0538 10.0801 11.797




Table 5.4-b Neutron and Gamma Heating®

for Design 302
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Quter
. Neutron Gamma Total
Zone %221;8 Material Heating* Heating* Heating*
3 301 Vanadium .2208 0.4881 0.7089
4 321 95%7 14 - 6.9487 0.9494 7.8981
5 333 + 2.4352 0.4135 2.8487
6 343 S% V 1.6445 0.2766 1.9211
7 363 SS 0.2958 2.0718 2,3676
95% Li
8 370 + 0.1805 0.0093 0.1898
54 V
Sum over aones 11.7255 4.2087 15.9342

3 through 8

* in MeV per one (14 MeV) fusion neutron



Table 5.5-a Neutron Heating (in MeV per one fusion neutron)

by Material and Zone

for Design 303
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Outer

Sum
Zone Radius Material Li® Li’ Fe Cr Ni by
(em.) Zone
3 301 §s 0.3858 0.0836 0.1322] 0.6016
4 321 95% L1 2.2932 3.8189 0.1825 0.0398 0.0659| 6.4003
5 333 + 1.1276 0.9961 0.0411 0.0091 0.0156} 2.1895
6 343 5% SS 0.9406 0.5013 0.0197 0.0044 0.0074] 1.4734
7 363 SS 0.2039 0.0469 0.0696| 0.3204
' 95% Li
8 370 + 0.1397 0.0202 0.0006 0.0001 0.0002] 0.1608
5% S8
Sum by Material 4.5010 5.3364 0.8336 0.1840 0.2908|11.1458




Table 5.5-b Neutron and Gamma Heating*

for Design 303
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Zone Outer Material Neutron Gamma Total
"€ Radius ateria Heating Heating Heating
(cm)
3 301 SS 0.6016 0.7732 1.3748
4 321 95% Li 6.4003 1.2061 7.6064
5 333 + 2.1895 0.4809 2.6704
6 ‘ 343 5% SS 1.4734 0.3058 1.7792
7 363 SS 0.3204 1.8749 2.1953
95% Li
8 370 + 5% SS 0.1608 0.0023 0.1631
Sum over zomnes 3 through 8 11.1458 4.6432 15.7890

* in MeV per one (14 MeV) fusion neutron
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Table 5.6 Comparison of Radiation Damage Parameters, Tritium
Production, and Nuclear Heating for Various Structural
Materials (Designs 301, 302 & 303)

Design ID 301 302 303
First Wall Niobium Vanadium Stainless
& Structure Steel
Response Zone
(n,a) in strucural 3 9.4470 28.9301 124.0960
material 4 4.3312 12.3060 55.1620
5 0.9119 2.2741 10.3739
(reactions per one 6 0.4181 1.0062 4.6977
fusion neutron)x10" e —
8 0.0084 0.0020 0.1019
s¥ 15.1166 44,5364 194.4315

displacements per
atom per 10%! 3 10.6349 9.9863 14.3119
fusion neutron

(n,p) in structural 3 3.1985 5.4179 25.0850
material 4 1.5423 2.7168 12,0252
5 0.3440 0.6203 2.6478
(reactions per one 6 0.1601 0.2915 1.7909
fusion neutron)x10® 7 e
8 0.0032 0.0058 0.0361
s% 5.2482 9.0522 41.5850
(n,2n) in structural 3 0.1099 0.0858 0.0523
material 4 0.0478 0.0351 0.0199
5 0.0094 0.0061 0.0033
6 0.0042 0.0026 0.0033
7 ——————— . esesmmemme . e
8 0.0001 0.0001 ~0.0
s¥  0.1715 0.1296 0.0760
Li® (n,a) t 4 0.3671 0.4329 0.3927
5 0.2016 0.2362 0.2114
6 0.1763 0.2035 0.1836
Te 0.7734 0.9042 0.8161
Li’(n,n'a)t 4 0.3566 0.4009 0.3598
5 0.0910 0.1033 0.0908
6 0.0434 0.0496 0.0429
T, 0.4918 0.5547 0.4944

(continued on next page)
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Table 5.6 (continued)
Comparison of Radiation Damage Parameters, Tritium

Production, and Nuclear Heating for Various Structural
Materials (Designs 301, 302 & 303)

Design ID 301 302 303
First Wall Niobium Vanadium Stainless
& Structure Steel
Response Zone
Tritium Breeding T 1.2652 1.4589 1.3105
Ratio

Neutron Heating

in MeV per one 3 0.1275 0.2208 0.6016
fusion neutron 4 6.1366 6.9487 6.4003
» 5 2.1180 2.4352 2.1895
6 1.4315 - 1,6445 1.4734
7 0.3330 0.2958 0.3204
8 0.1615 0.1805 0.1608
s} 10.3081 11.7255 11.1458
Gamma Heating in 3 1.5361 0.4881 0.7732
MeV per one 4 1.7399 0.9494 1.2061
fusion neutron 5 0.6781 0.4135 : 0.4809
6 0.4247 0.2766 0.3058
7 2.1933 2.0718 1.8749
8 0.0120 0.0093 0.0023
st 6.5841 4,2087 4.6432
Total Heating 3 1.6635 0.7089 1.3748
in MeV per one 4 7.8765 7.8981 7.6064
neutron fusion S 2.7961 2,8487 2.6704
6 1.8562 1.9211 1.7792
7 2.5263 2.3676 2.1953
8 0.1735 0.1898 0.1631
S§ 16.8921 15.9342 15.7890
N +
et Energy
Leakage from
Zone 8
neutrons 0.0672 0.0754 0.0649
gammas 0.0367 0.0404 0.0324

(continued on next page)
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Comparison of Radiation Damage Parameters, Tritium

Production, and Nuclear Heating for Various Structural

Materials (Designs 301, 302 & 303)

319

Design 1D 301 302 303
First Wall Niobium Vanadium Stainless
& Structure Steel
Response Zone
Secondary 3 2.4370 0.7903 1.2514
Gamma 4 1.8610 1.1724 1.3190
Production 5 0.4686 0.3311 0.3555
in MeV per 6 0.2341 0.1758 0.1819
one fusiom 7 1.6147 1.7700 1.5683
neutron 8 0.0078 0.0075 0.0020
Sy}  6.6232 4.2471 4.6781

1t in MeV per source neutron
* sum over Zones 3 through 8

(end Table 5.6)

Pr— -
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Table 5.7

Comparison of Helium and Hydrogen Production (in units of
appm per year for 1 MW/mg) in Niobium, Vanadium, and

Stainless Steel First Walls

*
Material Hydrogen Production Helium Production

Niobium 80.40 23.65
(design 301)

Vanadium 105.00 T2.50
(design 302)

Ss 412.00 203.00
(design 303)

¥ in units of atomic parts per million per year for a neutron wall

loading of 1 MW/m2
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Table 5.8 Effect of enriching lithium in Li® on Energy Multiplication

in the blanket

Design ID 401 402 403 404

% of Li®

in L4thium 7.42 (natural) 15.0 30.0 50.0

Neutron

Heating*

in Li®  4.9966 6.1338 7.6839 9.3943
Li’ 6.0376 5.4082 4,3270 2.9924
v 0.3953 0.3750 0.3590 0.3481
Fe 0.2340 0.2278 0.2208 0.2153
Ni 0.0801 0.0785 0.0765 0.0749
Cr 0.0538 0.0521 0.0502 0.0487

H, = SUM 11.7974 12.2754 12.7174 13.0737

SEY = Total Gamma Energy
4.2533 3.7893 3.3851 3.0627

H, + SEY 16.0507 16.0647 16.1025 16.1364

* in MeV per one fusion neutron
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Table 5.9 Effect of enriching Lithium in L1® on ener y multiplication
8

in lithium

(all reactions are in units of reactions per one fusion

neutron)
401 403 Increase
Z of 11" in 7.42 (natural)  30.0 Reaction in energy
lithium Q-value Mult.
A B Q(MeV) (B -~ A)+Q
L1®
T Li%(n,2n)a 5.51566(~3) 2.37665(-2) -3.696 -6.7455(=2)
Li®(n,n')d 6.96003(-2) 2.90917(-1) -1.471 -3.25557(~1)
L1%(n,Y) 3.58759(-5) 3.63008(-5) +7.252 +3.272(-6)
L1% (n,p) 1.51516(-3) 6.30972(-3) -2.733 -1.31035(~2)
Li® (n,0) 9.0420(~1) 1.05291 (40) +4,786 +7.11728(-1)
Decay Term for
(n,p) 1.51516(-3) 6.30972(-3) +1.560 +7.4795(~3)
Sum for Li® +0.31309
_I_;_i_’
(n,2n) 2.32303(-2) 1.73536(~2) -7.252 +4.26178(-2)
(n,2n)a 2.91689(~2) 2.19858(-2) -8.723 +6.2658(~2)
(n,n")at 5.54716(-1) 4.05156(-1) ~2.466 +3.6881 (~1)
(n,Y) 4.88074(~4) 8.48159(-5) +2.032 -8.1942(-4)
(n,d) 9.30694 (~3) 6.99788(-3) -7.760 +1.7918(-2)
Decay Term for
(n,Y) 4.88074(~4) 8.48159(-5) +9.310 -3.7542(-3)
Decay Term for
(n,d) 9.30694(~3) 6.99788(-3) +1.560 -3.60207(-3)
Sum for Li’ +0.48383
Vanadium
(n,2n) 1.29632(-1) 1.2974(-1) -11.04 -0.01192(-1)
(n,Y) 2.16129(-2) 4.60876(~3) +7.304 -1.24198(-1)
(n,p) 9.05218(-3) 8.93991(-3) -1.683 0.18895(-3)
(n,0) 4.45364(-3) 4,44678(-3) -2.042 0.014(-3)

(Table 5.9 continued on next page)
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Effect of enriching in Li® on energy

multiplication in lithium

(all reactions are in units of reactions per one fusion neutron)

401 403 Increase
% of Li® in Reaction in energy
11ithium 7.42 (natural)  30.0 Q-value Nult.
A B Q(MeV) (B - A)+Q
Vanadium
(n,Y) decay 2.16129(-2) 4.60876(-3) +1.070 -1.8194(-2)
(n,p) decay 9.05218(-3) 8.93991(-3) +0.9340 -0.10486(-3)
(n,a) decay 4,45364 (-3) 4.44678(-3) +0.2100 -0.00144(-3)
Net gain in
energy mult- -1.4348735(-1)
iplication in
vanadium
Iron
(n,2n) 1.2884(-2) 1.31215(-2) -11.20 -0.266(-2)
(n,Y) 6.54436(-2) 2.44105(-2) +7.803 -3.201813(-1)
(n,p) 8.16713(-3) 8.09318(-3) -2.731 0.2019(~3)
(n,a) 3.92790(-3) 3.94955(-3) -3.926 -0,08499(-3)
(n,p) decay 8.16713(-3) 8.09318(-3) 0.731 -0.05405(-3)

Net gain in energy multiplication in iron

-3.22778(-1)
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Table 5.10 Effect of adding Beryllium on Energy Multiplication

in the blanket

Design 401 405 406
Thickness of
Beryllium 0.0 4.0 cm. 10.0 cm.
Reactions®
Li (n,a) 0.9042 1.2361 1.5803
Li (n,n")at 0.5547 0.4410 0.3249
Li Tritium Breed- 1.4589 1.6771 1.9052
ing ratio
Be (n,2n) 0.0 0.3301 0.6627
Be (n,t) 0.0 0.0055 '0.0104
Be (n,0) 0.0 0.0303 0.0628
Neutron Heating*
in Li6 4.9966 6.4462 7.9520
Li’ 6.0376 4.7795 3.5067
A 0.3953 0.3756 0.3528
Fe 0.2340 0.1507 0.0774
Ni 0.0801 0.0519 0.0269
Cr 0.0538 0.0347 0.0179
Be 0.0 2.2193 4,3891
H, = Total Neutron 11.7974 14.0579 16.3497
Heating*
Gamma Energy* Pro-
duction = Sgy 4.2533 3.4891 2.6623
H, + SEY 16.0507 17.5470 19.0120
% increase in energy 0.0 9.322 18.450

T reactions per one fusion neutron
* in MeV per one fusion neutron




Table 5.11-a Effect of Various Materials in the Reflector region

on Neutron HeatingT
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zone
Zone outer Material Design Design Design
radius 110 111 112
(cm.)
3 301 Niobium 0.1274 0.1275 0.1276
4 321 957 Li 6.0430 5.9499 6.2626
5 331 + 1.7998 1.6554 1.8810
6 341 5% Nb 1.8821 1.2048 1.5525
7 366 Reflector” 0.8136 1.7209 0.3553
10.6585 10.1790

Sum over zones 3 through 7 10.6659

* The reflector material was varied as follows

Design 110:
Design 111:

Design 112: 1Iron

Graphite
20% Fe + 50% Pb + 30% B,C

Table 5.11-b Effect of Various Material in the Reflector region

on Gamma Heating'f

outer

Zone radius Material Design Design Design
110 111 112

(cm.)
3 301 Niobium 1.5233 1.5228 1.5400
4 321 957 Li 1.7091 1.7081 1.7472
5 331 + 0.5538 0.5525 0.5852
6 341 5% Nb 0.4033 0.3937 0.4537
7 366 Reflector™ 1 0.6411 1.4717 2.4680
Sum over zones 3 thru 7 4.8306 5.6488 6.7941

4+ in MeV per one fusion neutron
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Table 5.11-c Effect of Various Materials in the Reflector region

on Secondary Gamma Energy+ Production

outer
zone radius Material Design Design Design
( 110 111 112
cm. )
3 301 Niobium 2.4334 2.4334 2.4409
4 321 95% Li 1.8587 1.8579 1.8655
5 331 + 0.4081 0.4064 0.4105
6 341 5% Nb 0.2615 0.2568 0.2600
7 366 Reflector®  0.2097 0.7035 1.8448
Sum over zones 3 thru 7 5.1714 5.6580 6.8217

Table 5.11-d Effect of Various Materials in the Reflector Region

on Total Nuclear Heating+

outer

Design Design Design
zone radius Material 110 111 112
(em.)
3 301 Niobium 1.6507 1.6503 1.6676
4 321 95% Li 7.7521 7.6580 8.0098
5 331 + 2,3536 2.2079 2.4662
6 341 5% Nb 2.2854 1.5985 2.0062
7 366 Reflector™  1.4547 3.1926 2.8233
Sum over zones 3 thru 7 15,4965 16.3073 16.9731

* The reflector material was varied as follows
Design 110: Graphite, Design 111: 20% Fe + 50% Pb + 30% B,C,
Design 112: Iron

17 in MeV per one fusion neutron
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Table 5.12 Comparison of Various Materials in the Relector Region

Design 110 111 112
Reflector Material Graphite 20% Fe + 50% Pb Iron
+ 30% B,C

Neutron Heating* 10.6659 '10.6585 110.1790

Gamma Energy Production® 5.1714 5.6580 6.8217

Gamma Heating® 4.8306 5.6481 6.794

Total Heating 15.4965 16.3073 16.9731

Neutron Energy Leakage* 0.279 0.0914 0.0616
from reflector .

Gamma Energy Leakage* 0.3399 0.0025 0.0257
from reflector

Total Energy Leakage* 0.6193 0.0939 0.0873

Li® (n,0)t 0.7707 0.5808 0.7645

Li’(n,n'a)t 0.4877 0.4850 0.4836

Tritium Breeding Ratio 1.2584 1.0658 1.2481

* in MeV per one fusion (14.06 MeV) neutron
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Table 5,13 Neutron and Gamma Energy Leakage by Zone
(in MeV per one fusion neutron)
for Design 114
Outer _ _
Zone Radius Material E, Ey Lng Lyg Ly + Iyg
(cm.)
1 250 plasma 14.21 3.985 14,208 0.0 14,208
2 300 vacuum 14,21 3.726 14,208 0.0 14,208
3 301 Niobium 11.03 9.314 11.507 8.989(~1)12.4059
4 321 95% L1 6.187 5.2146  4.26) 1.019(+0) 5.286
5 333 + 5.245 5.42 2,430 8.09(~-1) 3.239
6 343 5% Nb 5.8717 7.516 1.518 6.19(~1) 2.137
1 363 §S 0.803 2.319 1.007(-1) 3.63(-2) 1.37(-1)
95% Li \
8 370 + 0.762 2.580 6.89(~2) 2.94(-2) 9.83(-2)
5% Nb
9 380 70% SS 1.024 2.356 1.59(-2) 6.80(-3) 2.27(-2)
10 390 + 1.140 2.268 3.74(-3) 1.55(-3) 5.29(-3)
11 400 302 B,C 1.212 2.186 8.85(-4) 3.51(-4) 12.36(-4)
12 410 1.256 2.120 2.10(-4) 7.98(~5) 2.898(-4)
13 420 1.279 2.071 4.,99(-5) 1.82(-5) 6.81(-5)
14 430 1.286 2,034 1.19(-5) 4,21(-6) 1.611(-5)
15 440 1.281 2.008 2.82(-6) 9.78(-7) 3.798(-6)
16 450 1.268 1,991 6.68(~7) 2.29(-7) 8.97(-7)
17 460 1,232 1.980 1.587(-7) 5.44(-8) 2.131(-7)
18 470 0.896 1.594 4,110(-8) 1.47(-8) 5.58(-8)
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Table 5.14 Neutron and Gamma Energy Leakage by zone
(in MeV per one fusion neutron)
for Design 115
Outer _ _
Zone Radius Material En Ey LpE LyE LnEtLyE
(em.)
1 250 plasma 14,21 e 14.208 — 14.208
2 300 vacuum 14,21 ——— 14,208 ~——— 14.208
3 301 Niobium 11.035 9.315 11.507 8.989(-1) 12.4059
4 321 957 Li 6.188 5.212 4,267 1.019(+0) 5.286
5 333 + 5.248 5.420 2.430 8.097(-1) 3.2397
6 343 5% Nb 5.885 7.512 1.518 6.189(-1) 2.2369
7 363 SS 0.7931 2.203 9.988(~-2) 4.094(-2) 14.082(-2)
957 Li ;
8 370 + 0.7239 2.053 6.722(-2) 3.672(-2) 10.394(-2)
5% Nb
9 380 70%Z Lead 1.0l11 2.487 2.146(-2) 8.872(-4) 2.2347(-2)
10 390 + 1.173 2.010 6.975(-3) 1.037(-4) 7.0787(-3)
11 400 30% B,C 1.285 1.915 2.292(-3) 2.854(-5) 2.3205(-3)
12 410 1.330 1.887 7.561(-4) 9.103(-6) 7.652(~4)
13 420 1.321 1.874 2.494(-4) 2.953(-6) 2.5235(-4)
14 430 1.281 1.868 8.208(-5) 9.601(-7) 8.304(-5)
15 440 1.230 1.867 2.691(-5) 3.120(-7) 2.7222(-5)
16 450 1.174 1.869 8.791(-6) 1.013(-7) 8.892(-6)
17 460 1.094 1.875 2.890(-6) 3.325(-8) 2.923(-6)
18 470 0.834 1.655 1.083(-6) 2.397(-8) 1.107(-6)
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Table 5.15 Neutron and Gamma Energy Leakage by zone
(in MeV per one fusion neutron)
for Design 116
Outer _ _
Zone Radius Material En Ey L. Lyg Lng + Lyg
(cm.)
1 250 plasma 14,208 2.738 14.208 0.0 14.208
2 300 vacuum 14,208 2.908 14,208 0.0 14.208
3 301 Niobium 11.035 9.315 11,508 8.98(~1) 12.406
4 321 95% Li 6.188 5.212 | 4.267 1.019 5.286
5 333 + 5.246 5.420 2.430 8.09(-1) 3.239
6 343 5% Nb 5.881 7.512 1.518 6.19(-1) 2.137
7 363 Ss 7.987(-1) 2.207 1.004(-1) 3.92(-2) 1.396(-1)
95% Li
8 370 + 7.457(-1) 2.054 6.822(-2) 3.42(-2) 1.0242(-1)
5% Nb
9 380 35% Pb 1.027(+0) 2.620 1.846(-2) 2.49(-3) 2.095(-2)
10 390 + 1.172 2,265 5.083(-3) 3.80(-4) 5.463(-3)
11 400 35% 8§ 1.264(+0) 2.111 1.410(-3) 8.29(-5) 1.492(-3)
12 410 + 1.304(+0) 2.050 3.925(-4) 2.12(-5) 4.137(-4)
13 420 30% B,C 1.308(+0) 2.026 1.092(-4) 5.73(-6) 1.149(-4)
14 430 1.289(+0) 2.015 3.035(-5) 1.58(-6) 3.193(-5)
15 440 1.259(+0) 2.012 8.412(-6) 4.39(-7) 8.851(-6)
16 450 1.224(+0) 2.013 2.325(-6) 1.22(-7) 2.447(-6)
17 460 1.165(+0) 2.023 6.440(-7) 3.46(-8) 6.786(-7)
18 470 8.617(-1) 1.774 1.985(~-7) 1.521(-8) 2.137(-7)
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Table 5.16 Neutron and Gamma Energy Leakage by Zone
(in MeV per one fusion neutron)
for Design 117
Outer _ _
Zone Radius Material Ep Evy Lhg LyE Lng + Lyg
(cm.)
1 250 plasma 1.421(+1) 2.763 1.4208(+1) =0.0 14.208
2 300 vacuum 1.421(+1) 3.321 1.4208(+1) =0.0 14.208
3 301 Niobium 1.104(+1) 9.319 1.151(+1) 8.98(-1) 12.408
4 321 95% L1 6.204 5.215 4.267(+0) 1.018 5.285
5 333 + 5.288 5.427 2,430 8.081(-1) 3.238
6 343 5% Nb 6.042 7.552 1,518 6.166(-1) 2.134
7 363 SS 8.65(~-1) 2.284 9.896(-2) 3.31(-2) 13.206(-2)
, 957 Li
8 370 + 1.229 2.494 6.469(-2) 2.23(-2) 8.699(-2)
5% Nb
9 380 SS 5.989(-1) 2.439 1.761(-2) 6.803(~3) 2.441(-2)
10 390 SS 3.914(-1) 2.772 5.322(-3) 3.90(-3) 9.222(-3)
11 400 Ss 2.952(~1) 2,925 1.752(~3) 1.92(-3) 3.672(-3)
12 410 SS 2.396(-1) 2.989 6.133(-4) 8.51(-4) 14.643(-4)
13 420 Ss 2.029(-1) 3.019 2.217(-4) 3.69(-4) 5.907(-4)
14 430 Ss 1.769(-1) 3.037 8.071(~5) 1.60(-4) 2.4071(-4)
15 440 SS 1.576(-1) 3.049 2.9161(-5) 6.9(-5) 9.816(-5)
16 450 CH 1.426(-1) 3.059 1.042(-5) 2.95(-5) 3.992(-5)
17 460 §S 1.281(-1) 3.069 3.805(-6) 1.29(-5) 1.67(-5)
18 470 SS 1.088(-1) 2.582 1.88(-6) 5.17(-6) 7.05(-6)
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Table 5.17 Comparison of Gamma Energy Production by Zone in MeV per
one fusion peutron For Designs 114, 115, 116, and 117
Outer
Design Design Design Design
Zone Radius 114 115 116 117
(cm.)

1 250 0.0 0.0 0.0 0.0

2 300 0.0 0.0 0.0 0.0

3 301 2.437 2,437 2.437 2.437

4 321 1.861 1.861 1.861 1.861

5 333 0.469 0.469 0.469 0.469

6 343 0.234 0.234 0.234 0.234

7 363 1.616 1.615 1.615 1.690

8 370 7.634(-3) 7.784(-3) 7.700(-3) 8.48(-3)
9 380 4.157(~2) 1.369(-2) 2.846(-2) 1.501(-~1)
10 390 8.796(-3) 4.449(-3) 7.221(-3) 8.276(-2)
11 400 2.019(-3) 1.453(-3) 1.942(-3) 3.784(-2)
12 410 4.743(-4) 4,.757(~4) 5.331(-4) 1.628(~2)
13 420 1.125(~4) 1.558(~4) 1.479(-4) 6.972(-3)
14 430 2.679(-5) 5.095(-5) 4.120(-5) 2.986(-3)
15 440 6.397(-6) 1.662(-5) 1.149(-5) 1.260(-3)
16 450 1.529(~-6) 5.403(-6) 3.201(-6) 5.162(-4)
17 460 3.648(-7) 1.747(-6) 8.876(-7) 1.990(~-4)
18 470 8.307(-8) 5.432(-7) 2.337(-7) 5.649(~-5)

Sum over all zones 6.6771 6.6435 6.6621 6.9989
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Table 5.18 Neutron, Gamma, and Total Energy Attenuation Coefficients®™

for Various Shield Compositions

Design 114 115 116 117
Shield composition 70% SS 70% Pb 35% Pb
+ 30%Z B,C + 30%Z B,C + 35% SS 100% SS
+ 30% B,C
Neutron Energy 0.1438 0.1113 0.1282 0.1022
attenuation 1
coefficient, u, (cm °)
Gamma energy 0.1466 0.1160 0.1320 0.0828
attenuation
coefficient, My (cm™1)
Total energy 0.1445 0.1113 0.1283 0.0902
attenuation

coefficient, 1 (em~1)

* obtained by fitting the energy attenuation leakage curve to

exponentials (see equations 5.11)
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Table 5.19 Values of Optimum Shield Thickness for several values of the

Parameters in equations 5.13 through 5.21 for an energy

attenuation coefficient of 0.1447 in the shield

(corresponding to 70% SS + 30% B4C)

parameter r T W m a a a t
w b n 5 s 3 m T so

(cm) (cm) watts/cm $/cm $/cm $/cm (cm)
Case
No.
1 400 470 100 1 0.088 18.96 5.312(+5) 57.60
2 400 470 1000 1 0.088 18.96 2.115(+6) 73.19
3 400 470 50 1 0.088 18.96 3.504(+5) 52.90
4 400 470 100 2 0.088 0.03386 5.312(+5) 57.00
5 400 470 100 1 0.0352 18.96 5.312(+5) 66.97
6 200 270 100 1 0.0352 18.96 3.504 (+5) 66.65
7 200 270 100 1 0.088 18.96 3.504(+5) 57.87
8 200 270 100 2 0.088 0.03386 3.504(+5) 57.69
9 200 270 50 1 0.088 18.96 9.204(+5) 68.65

* a of 0.088 corresponds to $6.4/1b for a density of 6.26 gm/cm3 and
0.0352 corresponds to $2.55/1b for a density of 6.26 gm/cm3
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Table 5.20 Values of Optimum Shield Thickness for several values of

the Parameters in equations 5.13-5.21 for an energy atten-

uation coefficient of 0.1113 cm-1 in

the shield
(corresponding to 70%Z Pb + 30% B4C)
%
Parameter T T 1Y m a a t
w b n s 3 m Y so
Case (cm) (cm) watt $/cm $/cm $/cm (cm)
cm
No.
1 400 470 100 1 0.0176 18.96 5.312(+5) 91.06
2 400 470 1000 1 0.0176 18.96 2.115(+6) 111.3
3 400 470 50 1 0.0176 18.96 3.504(+5) 84.96
4 400 470 100 2 0.0176 0.0338 5.312(+5) 87.98
5 200 270 100 1 0.0176 18.96 3.504(+5) 89.65
7 200 270 100 2 0.0176 0.03386 3.504(+5) 88.38

* a_ of 0.0176 corresponds to

0.92 $/1b for 70% Pb + 30% B,C

4




Neutron Heating by Material and Zone

Table 5.21

(in units of MeV per source neutron)

for Design TTT

336

zone| composition Li6 LiT \s Fe Cr >
1| plasma nd
2 | vacuum >
3{ Vanadium = = |ee——w @ . 0.219  ————— e >
1954 1i + 54 Vv [1.735 3.1k2 0.091 ————— e >
5/95% Li + 5%V [1.ho2 1.711 0.050  mmmem e >
6] 95% Li + 5%V [1.486 0.989 0.032  —meme el >
7| Stainless Steel |-—~—- 0.255 0.059 -+
8(95% Li + 5% Vv |0.3k2 0.039 0.002  ——mem el >
9188  fememm mmmee oo 8.04(-3) 1.96(-3) -~
10| vacuum  |ee—ee | e emmee dmee e >
11| 90% He + 10% S8 |===-- —ccmee e 57(-4) 8.75(-5) =~
12| 90% Pb + 10% SS|-==—v 67(-3) 9.11(-k) ~
131 B,C  femmem e e el -
1k} 90% He + 10% SS|~==-=  —cmmm e 75(=5) 2h(-6) =~
15| 90% Pb + 10% SS|===-=  —come e 82(-k) 53(-5) =~
16 BC e e eeeem e o >
17| 90% He + 10% SS|-mm——-  cooee e 8.18(-7) 2.00(-7) ~
18| 90% Pb + 10% SS|=———w 5.51(-6) 1.36(-6) =~
191 B,C  femeem e eeeem el s >
200 88  |eeee- 1.95(-6) L.71(-7) =~
sum by material 5.055 5.880 0.394 0.268 0.062 >

note:

this table is continued on the next page in a cross ways

direction as indicated by the arrows in the right hand column
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Table 5.21 (continued)

Ni B-10 B-11 c-12 Pb sum by zone zone
0.0
0.0

--------------- 0.219 3
--------------- 4.968 I
--------------- 3.253 5
--------------- 2.507 6
0.088 emmee e o o 0.402 7
---------- 0.383 8
2.43(-3) - 1.243(-2) 9
--------------- 0.0 10
05(-k) 5.49(-L) 11
O O I — 7.58(-3) 1.32(-2) 12
----- 2.02(-1) 1.04(-2) 3.18(-3) ~——-ee 2.13(-1) 13
30(=6) ——mem e 2.70(-5) 1k
03(-5) =mmmm e el 3.93(=k) 6.71(=k) 15
————— 9.23(-3) 5.45(-k) 1.65(-b) ———- 9.94(-3) 16
T 1.26(-6) 17
1.56(-6) —mmmee e o 1.16(-5) 2.85(-5) 18
----- 6.8u(-4) k4. 42(-5) 1.35(~5) -——ee T.h2(-k) 19
6.07(-7) 3.03(-6) 20

0.091 0.212 0.011 0.003 0.008  11.976 ;Zfeszal

note: the above is an extension of the rows of table 5.21 on the

preceding page.



Table 5.22
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Neutron and Gamma Heating and Gamma Energy Production (in

MeV per source neutron) by Zone for Design TT7

zone  composition neut?on ganna gamma tota}
heating energy heating heating
production
1 plasma 0.0 0.0 0.0 0.0
2 vacuum 0.0 0.0 0.0 0.0
3 vanadium 0.219 0.778 0.499 0.718
L 95% Li + 5% V. L4.968 0.859 0.649 5.617
5 95% Li + 5% V 3.253 0.492 0.51k 3.767
6 95% 1Li + 5% V 2.507 0.298 0.h41k 2.921
T Stainless Steel 0.L402 1.836 2.125 2.527
8 95% Li + 5% V 0.383 0.01k 0.019 0.L402
9 Stainless Steel 1.243(-2) T7.LL4(-2) 7.16(-2) 8.k4o(-2)
10 vacuum 0.0 0.0 0.0 0.0
11 90% He + 10% SS 5.49(-k) 3.39(-3) 2.44(-3) 2.99(-3)
12 90% Pb + 10% SS 1.32(-2) 9.12(-2) 1.52(-1) 1.65(-1)
13 B)C 2.13(~1) 6.45(-Lk) 8.18(-4) 2.13(-1)
1k 90% He + 10% SS 2.70(-5) 1.22(-k) 3.92(-5) 6.62(-5)
15 90% Pb + 10% S8 6.71(-4) 3.91(-3) 4.51(-3) 5.18(-3)
16 B)C 9.94(-3) 2.95(-5) 3.70(-5) 9.98(-3)
17 90% He + 10% SS 1.26(-6) 5.77(-6) 1.77(~6) 3.03(-6)
18 90% Pb + 10% SS 2.85(-5) 1.21(-k4) 1.53(-4) 1.82(-k)
19 B),C T.b2(-k) 3.36(-6) 7.88(-6) T7.50(-5)
20 ss 3.03(-6) 2.6L(-5) 1.78(-5) 2.08(-5)
sum for system 11.976 4. 450 L. L5 16.43




Table 5.23
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Tritium Production (in atoms per souce neutron) for

Design TTT
.6 LT

zone Li (n,a)t Li (n,n'0)t sum by zone
L 0.2926 0.293L 0.586

5 0.2717 0.1582 0.430

6 0.2859 0.0869 0.373

8 0.0699 0.0016 0.072

sum 0.9202 0.5h01 1.h603

Table 5.2k

Tritium Production in Boron in the Shield for Design 77T

(in atoms per source neutron)

zone Blo(n,t) Bll(n,t) sum by zone
13 3.054(~5) 3.187(-6) 3.372(-5)
16 1.497(-6) 1.275(-7) 1.625(-6)
19 1.637(-T7) 1.284(-8) 1.765(-7)
sum 3.220(-5) 3.327(-6) 3.553(=5)




Table 5.25

Nuclide Densities

(used in design 777)

340

Nuclide density

Material/Nuclide
(atoms/cm

Vanadium 0.072
95% Li + 5% V

Ii 0.0031
L1l 0.0419
v 0.0035
Stainless Steel

Fe 0.0600
Cr 0.01L3
Ni 0.0091
Boron Carbide

B-10 0.0185
B-11 0.07h8
C-12 0.0233
90% Pb + 10% SS

Pb 0.0287
Fe 0.0060
Cr 0.001L
Ni 0.0009
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Chapter 6

GENERAL CONCLUSIONS AND RECOMMENDATIONS

6.1 Summary and General Conclusions

This research was devoted to investigating some of the theoret-
ical and calculational problems involved in the neutronics and phot-
onics analysis of fusion reactor blankets and shields. The study has
dealt with three distinct subjects: a -calculational methods for
nuclear heating (with emphasis on fusion systems), b - flux calcula-
tions in CTR systems, and c -neutronics and photonics design for CTR
blankets and shields. The following points serve as a brief summary

of the results and conclusions.

A. Kerma Factors

1 - A theoretical model was developed for calculating fluence-to-
kerma factors from basic nuclear data. No major simplifying assumtions
were introduced and the accuracy of the calculated kerma factors de-
pends only on the availability and accuracy of the basic nuclear data.
(chapter 2 section 2).

2 - A computational algorithm was developed for calculating kerma
factors from nuclear data in ENDF format. Based on this algorithm, a
computer program, called MACK, was written. MACK processes all resctions
significant to energy deposition. The flexibility of the input for the

program allows generating pointwise and group parameters appropriate for
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any desired application. (chapter 2 section 3)

3~ Calculation of other response functions such as for helium
and hydrogen production was automated for multigroup representation
by integrating the required processing with the computational cap-
ability developed for kerma factors.

L - A library of kerma factors and group cross sections was gen-
erated with MACK for all materials of interest for CTR using a
weighting function appropriate for fusion ractors. (section 3.2)

> - Two algorithms were devised for investigating the validity of
the kerma factor results using a pointwise and an overall energy bal-
ance. (section 3..4)

6 - The validity of the theoretical model and the correctness of
the computation of the kerma factors obtained in the present work
were verified using both algorithms. (section 3.L4)

T - Comparison of the kerma factor results obtained in the present
work with previous work showed that the present work provides a very
considerable improvement in kerma factor calculations. (section 3.L4.L4)

8 - Application of the overall and pointwise balances (sections
3.4.2 and 3.L4.3) showed that gamma production data currently avail-
able for many materials suffer from very large uncertainties, partic-

7, Nb, and 012.

ularly the data for Li6, Li
9 - A sensitivity study of neutron energy deposition to nuclear
data was carried out (section 3.5). This study showed that: a - The

(n, charged particles) reactions contribute, in general, about 30 to

50 % of the neutron heating for typical fusion spectra. b -A change
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in the average secondary neutron energy, En' 2 of the Li7(n,n'u)t
bl
reaction results in a relative change in the neutron heating in Li7

which is approximately one-third of that in E ¢ - The relative

n'g "’

change in the neutron heating by elastic scattering due to a change

in the angular distribution is larger than the relative change in

coseC _ Ignoring the anisotropy of scattering can result in sev-
erly overestimated kerma factors. d - The local energy deposition by
radioactive decay is about 2% or less in most materials in typical

CTR spectra.

B. Flux Calculations for CTR Systems

1 - The accuracy of the various approximations in a discrete-
ordinates one-dimensional transport model was determined.

2 - The cylindrical geometry should be used in one-dimensional
calculations.

3 - The neutronics and photonics results are relatively insen-
sitive to the exact neutron source distribution so that simple forms
can be used.

4 - For neutron and gamma. discrete-ordinates transport calculations,
the approximations 88 and P3 are adequate and have an accuracy of better

than 5% everywhere.

C. Neutronics and Photonics Design of CTR Blankets and Shields

With the developments and conclusions summarized above the neut-
ronics and photonics analysis of CTR systems became feasible. The study
of the nuclear design of blankets and shield showed the following.

1l - No neutronically unacceptable effects arise from using a first
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wall thickness somewhere between 0.0 and 4.0 cm.

2 - Among the materials investigated in this study, no one mater-

ial emerges as the best choice for the first wall and structure.

a - Helium and hydrogen production are highest in stainless steel,

lower in vanadium, and the lowest in niobium. b - For 1 MW/m2 neutron
wall loading each atom isldisplaced about 15 times each year in niobium
and vanadium and about 20 times each year in stainless steel. c¢ - The
total heating rate in niobium is about 2.3 times that in a vanadium and
1.2 times that in a stainless steel first wall. d - Using niobium for
first wall and blanket structure inc;eases the useful power by about
1.1 MeV per fusion reaction over a stainless steel and 1.0 MeV over

a vanadium system.

3~ Tritium breeding ratios for the systems investigated are so
high that it seems very unlikely that any uncertainty in nuclear data
will cause CTR systems to be unable to produce excess tritium required
for reasonable doubling times.

4 - The energy per fusion reaction was found to be about 20 MeV
or less for most of the CTR systems investigated. This is about 2 MeV
or more lower than one often sees in literature for similar systems.
The difference arises as a consequence of the improved calculational
methods and careful treatment of all available data in the present
work.

5- Since the energy produced per fusion reaction is low (com-
pared with fission reaction, for example) it is necessary to find out

methods for improving the energy production per fusion reaction. Two
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concepts were investigated. a - Adding 4 cm of beryllium increases the
power output by about 10% which is large enough to offset the high cost
of beryllium. b - Increasing the isotopic ratio of Li6 in the lithium
blanket does not improve the economy of the system.

6 - The study of the possible shielding material showed that a
mixture of stainless steel and boron carbide provides the required
attenuation with a minimal thickness.

T - The optimum shielding composition from cost point of view is
a mixture of lead and th' However, an amount of structural steel is
necessary for structural reasons.

8 - Nuclear heating in the magnet, rather than radiation damage
to a-superinsulation, b -copper stabilizer, and ¢ - superconductor,

is the limiting factor.
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6.2 Recommendations

Many remarks were made throughout this thesis suggesting areas in
which more work should be undertaken. The following is a summary of
the most important areas for future studies.

1 - More information about nuclear data for (n,charged particles)
and (njn' charged particles) are needed. Although these reactions do
not significantly affect neutron transport in most cases it was shown
in this work that they generally contribute a significant fraction to
the neutron heating. An accurate assessment of charged particle pro-
duction is also essential to radiation damage studies. The data needed
for these reactions are: a- reaction total cross sections, b- exci-
tation function to various levels, c¢ - energy distribution of charged
particles and neutrons emitted particularly in the incident neutron
energy range for which the residual nucleus is left in the continuum
region.

2 - The lack of information about gamma production data, particu-
larly for the most important CTR materials, was pointed out in several
places of this work. More data about gamma production cross sections
are required for accurate calculation of local energy deposition (for
both neutron and gamma heating) and gamma energy leakage to the CTR
magnets.

3- It was shown in this work that available neutron and gamma
production data do not preserve the energy in some instances. Con-
sequently, kerma factor and gamma production sets independently de-

rived from this data lead to calculated heating rates which violate
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the energy conservation law. Hence, it is strongly suggested that:

a -neutron and gamma data in ENDF/B and similar data libraries be
checked to ensure that the energy conservation law is not violated.
and b - gamma production cross sections be derived concurrently with
the neutron kerma factors., 1In calculating the neutron kerma factors
from the neutron data in END/B, the MACK program currently calculates
a matrix of the total energy production as a functioﬁ of the incident
neutron energy. This matrix can be used to fix the normalization of
the gamma production cross sections. It seems logical at present that
the MACK program should be extended to process gamma production cross
sections from the gamma files in ENDF/B. This can ensure deriving
consistent and energy preserving sets of neutron kerma factors and
gamma production cross sections.

4 -  The energy per fusion, calculated in this work to be of
about 20 MeV, in currently proposed CTR designs seems to be low from
an economics point of view. Hence, additional studies aimed at in-
creasing the energy multiplication should be conducted to evaluate
materials and configurations not yet tfeated.

> - As indicated earlier, the part of this work on magnet shield
is a first quantitative look at the nuclear aspects of the shield
design. More work is needed to evaluate materials and configurations
not considered in this thesis. Cost optimization of the shield should
be integrated into a scheme for optimizing the cost of the complete

fusion reactor to allow for inclusion of more variable parameters.
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Notes For Appendices

In this thesis reference was made to the following appendices:
Appendix A: A User's Manual For MACK
Appendix B: Resonance Region Treatment
Appendix C: Average B-particle Kinetic Energy
Appendix D: Response Library

Because of the size of these appendices, their utility as an integral
part of this thesis was gquestionable. Therefore, the appendices are
eliminated and their contents will be published in separate reports.
The contents of appendices A, B, and C can be found in the following
document: M: A. Abdou et al, "MACK: A computer Program To Calculate
Neutron Energy Release Parameters and Multigroup Neutron Reaction
Cross Sections From Nuclear Data in ENDF Format," ORNL - TM - 399k,
Oak Ridge National Laboratory (July 1973). The material of appendix D

will be published as a University of Wisconsin Fusion Design Memo.





