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Neutronics and Photonics Study of Fusion Reactor Blankets
M. A. Abdou* and C. W. Maynard*

The University of Wisconsin, Nuclear Engineering Department, Madison
Wisconsin 53706 :

I. Introduction

The choice of materials and the detailed design of CTR blankets is a com-
Plex process involving a number of technical areas such as neutronics, radia-
tion damage, heat transfer, induced activity and afterheat, and economics. The
neutronics analysis is of prime importance as it provides the basic input for
almost all of the other studies. ’

A CTR blanket can usually be divided into three parts: 1- first wall and
structure, 2- tritium breeding and energy conversion zone (which must have 1ith-
ium in one form or another), and 3- a reflector region. The neutronics param~-
eters of interest are nuclear heating, energy multiplication, gas production,
atomic displacements, as well as tritium breeding. .

In section II, a compzrative study of several structural materials proposed
for use in CTR blankets is carried out., Section III considers the question of
increasing the energy production in the blanket. A comparison of the nuclear
performance of several materials in the reflector region is presented in section
IV. The nuclear design of the shield region is investigated in another paper
in these proceedings. '

II. First Wall and Structure

Several non-megnetic materials hkave been proposed for use as first wall
and structural materials in the blanket. The strongest candidates are vanadium,
niobium, molybdenum, stainless steel (SS), and SAP. The first three are refrac~
tory metals and it is very likely that alloys such as Nb-1Zr, V-20 Ti, or TZM
alloys will be used rather than the pure metals. The neutronics and photonics
results presented in this work are not affected significantly by low concentra-
tions of alloying materials.? SAP (Sintered Aluminum Product) is 90% pure
aluminum strengthened by about 10% by weight Al9045 and its utilization ir fusion
systams has been proposed3 as a competitor to vanadium® from the points of view
of low long term radioactivity and afterheat.

To compare the nuclear performance of these materials, a series of neu~
tronics and photonics calculations were carried out for the blanket configura-
tion shown in figure 1, with the first wall and structural materials as V. Nb,
SS, SAP, and Mo. The calculations were run for the configuration shown in
figure 1, with lithium of natural abundance and an additional shield region con-
sisting of 70% Pb + 30% B4C. All the neutron and gamma transport calculations
were carried out in one-dimensional cylindrical geometry with ANISNS using the
86—P3 approximations.Z _The neutron and gamma multigroup cross sections were
processed from ENDF/B3 with SUPERTOG’ and MUGd, respectively., The neutron
kerma factors and partial cross cections were processed with MACKY from ENDF/B3
except in the case of Mo where they were derived from Pearistein's calculated
Cross segtions.10 Gamma production cross sections were processed with
LAPHANO, 11



Tritium Production

The first part of table T compares the tritium breeding ratio,T, in Nb, v,
S8, SAP, and Mo systems. From these results, it follows that the tritium
breeding ratio is highest in vanadium with a T of 1.46 and lowest in niobium
with a T of 1.27,and intermediate in 5SS, SAP, Mo systems. TFor a doubling
time of about 7 years and allowing for losses in access regions (divertor,
fueling_passages, etc.) and uncertainties in nuclear data, a T of about 1.15 to
1.2 seems prudent as a design basis in one-dimensional calculations. Thus, it
seems very unlikely that any uncertainty in nuclear data or in required amounts
of structural materials will cause D-T fusion reactors to fail to produce suffi-
cient fuel for their own needs and for initial fueling of other fusion reactors
in an expanding power industry.

Assuming tritium production is potentially greater than the minimum for
feasibility, the extra neutrons can be diverted to other purposes. The pur-
poses and the materials used to achieve these goals become important. For
example, one can attempt to produce excess tritium for fueling special fusion

safety or environmental reasons). In addition, at least one alternative is to
produce exothermic nuclear reactions and thus maximize the energy production per
fusion reaction. This spreads the rescurce usage over more materials, lowers
pPlant cost per unit power, and helps alleviate the materials problems of the
first wall by reducing the neutron wall loading for a given plant power. Maxi-
mizing the blanket energy multiplication is dealt with in sections IIT and IV.
Nuclear Heating

In table I, comparable datz is presented for the neutron, gamma, and total
nuclear heating by zone and for the entire blanket in units of MeV per D-T neu-
tron for Nb, V, SS, and SAP systems. Accurate calculation of the nuclear
heating in molybdenum from the Present ENDF/B version III evaluations is not
possible at present for two reasons: 1~ absence of data on charged particle
producing reactions (these contribute about 50% or more to neutron heatinglz),
and 2- gamma production Cross sections are not provided, and hence it is not
feasible to calculate the gamma heating. :

From the results in table I, the heating rate in niobium is about 2.3 times
that in vanadium, twice the value in SAP, and 1.2 times that in a stainless -
steel first wall. This suggests that adequate cooling of the first wall may be
simpler in vanadium and SAP than in niobium. However, this advantage is par-
tially offset by the fact that niobium (also TZM can be operated at considerably
higher temperatures (9000 - 1000°C) than vanadium and much higher than SAP
(3500 - 40000).

For a neutron wall loading of 1 MW/mz, the average power density in the
first wall is about 12 watts/cm3, of which roughly 92% comes from absorption of
secondary gammas. The gamma energy deposition in niobium is highest because it
has the largest atomic number and secondary gamma source among the materials
under consideration. It is of interest to note that the relative magnitude of
the gamma and total heating in the first wall increases in these materials with
the atomic number. The ratio of the neutron to gamma heating varies from
roughly 10% in niobium to 215% in SAP. :

Comparison of the total energy deposition in the blanket shows that using
niobium increases the eénergy production by ahout 1 MeV over stainless steel and
0.6 MeV over SsAP systems. This is a nontrivial gain since an increase of 1 MeV
in the energy production per fusion reaction represents about 5% increase in the
reactor power output. The origin of the better energy production with niobium
compared to the other materials under consideration is the reaction Q-values for

other materials more than 11 MeV is lost as nuclear mass. The (n,p) reaction is
exothermic in niobium, but is endothermic in V, SS, and SAP. The Nb(n,a)

Teaction results in a gain of 4.9 MeV while a loss of 2 to 3 MeV occurs through
this reaction in vanadium and SAP and a gain of only about 0.3 MeV occurs in SS.
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From the above results, it follows that the total recoverable energy
(nuclear heating Plus the 3.5 MeV kinetic energy of the alpha particle) per D-T
neutron is, about 19 to 20 MeV in CTR blankets employing natural lithium. Thig
is about an order of magnitude lower than the energy release per fission reac-
tion. Hence, for the same thermal power, fusion reactors are required to pro-
duce far more neutrons than fission reactors. From an economics point of view,
it is essential then in the design of CTIR blankets to maximize the energy pro-
duction per fusion reaction. Possible ways of accomplishing this goal is dig-
cussed in detail in later sections.

Gas Production and Atomic Displacements

First wall and structural materials are subjected to a high energy neutron
flux which is much greater than that in any existing nuclear system. Therefore,
radiation damage to the first wall of a CTR may be the most difficult techno-
logical problem once plasma confinement is assured. Assessment of radiation -
damage in fusion reactors requires information about the rates of gas produc-
tion, transmutation, and atomic displacement.

For each zone,table II compares the reaction rates per D-T neutron for(n,a),
(n, n' a), (n,p), (n,n' P), (n,d) and (n,t) reactions for the structural mate-
rials under consideration in the system of figure 1. A comparison of the gas
production rates in appn/year (MW/m%) and atomic displacements per atom (dpa)/
year/(MW/m2) in Nb, V, SS, SAP, and Mo first walls is given in table III. The
term (MW/mz) refers to the neutron wall loading. The helium production rate is
the sum of (n,a) and (n, n'a) reaction rates. The rate of production of hydro-
gen isotopes is obtained by summing the results for the (n,p), (n,n'p), (n,d),
and (n,t) reactions. All Cross sections vere taken from ENDF/B3 6 evaluations
except those for Mo isotopes where cross sections theoretically calculated with
Pearlstein's modell0 were used. In addition to Mo where all data on charged
particle producing reazctions is absent, no data is provided in ENDF/B3 for the
(n,n'0), (n,n'p), (n,d) and (n,t) reactions in Nb, V, and Fe or for the (n,n'a)
and {n,d) reactions in Nif znd Cr. These reacticns are narked by the letter N
in table II and were taken as zero in obtaining the sum of the helium and hy-
drogen isotopes given in table IIT except for the case of Mo where the calcu~
lated cross sections were used. All the relevant data for aluminum and oxygen
are provided in ENDF/B3. :

The absence of nuclear data for some charged particle producing reactions
must be carefully taken into consideration in comparing helium and hydrogen
production rates for the structural rateriais. The results in table IT show
that the (n,n'p), and (n,d) reactions contribute about 58 and 9%, respectively,
to the production rate for hydrogen isotopes in a SAP first wall. The contri-
bution of (n, n'a) reaction to helium production is also significant. The
results for molybdenum show that the (n,d) and (n,t) production rates are 16%
and 47, respectively, of the total hydrogen production rate. Thus it is almost
certain that the gas production rates given in table III for Nb, V, and SS are
underestimated.

Table III shows that helium and hydrogen production ratas vary consider-
ably from one material to another and is highest in SAP and lowest in niobium
first walls. The helium production rates in Nb, Mo, V, SS, and SAP vary in the
following proportion 1:2:2.4:8.6:17.7. Similar ratios for hydrogen are 1:1.2:
1.3:6.7:9.8, Figures 2 and 3 show the spatially dependent hydrogen and helium
production rates, respectively, in the five paterials. These figures show that
the relative magnitude of gas production in these materials does not vary
appreciably with depth in the blanket except in the case of molybdenum.

Figures 2 and 3 also show that the gas production rates decrease by more than an
order of magnitude in the 42 em (95% Li + 5% structure) blanket. 1t can also be
noted from figures 2 and 3 that the gas production drops more rapidly in the
first wall than in the lithium-structure region reflecting the fact that all
five materials moderate neutrons more efficiently than Iithium. This indicates
that radiation damage will vary-considerably in structural components in the
blanket. Undesirable effects may arise such as differential swelling which will

result in large stresses. The variation of damage implies also that the
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frequency of replacing the structural components in the outer regions of the
blanket may be less than that for the first wall.

The number of displacements per atom (dpa) per year for a 1 MW/m2 neutron
wall loading is compared in table IIT for these same materials. The displace~
ment cross sections used are given in reference 14, and were derived using
mean displacement energies, Ey, of 60, 62, 40, 40, and 26 eV for Nb, Mo, V, 8S,
and Al respectively. These displacement energies are not accurately known, but
the dpa rates in table III can be renormalized as they are inversely propor-
tional to Eg4.

The results show that the displacements per atom per year per (MW/mZ) is
about 14, 12, 10, 8, and 7 in SAP, V, SS, Mo, and Nb first walls, respectively.
Thus the dpa rate variation from one material to another is less than the
corresponding variation in gas production. The spatially dependent displace-
ment rate in the five materials is shown in figure 4,

This figure shows that the dpa rates in all materials drop within the blanket
by about an order of magnitude indicating again the variation of damage to the
structural components in the blanket.

Except for comparative purposes, the absolute values of gas production and
displacement rate have little value unless translated into radiation damage
terms. This is carried out in another paper.14

ITI. Lithium Region and Energy Multiplication

As indicated earlier, increasing the energy production per fusion neutron
is very desirable from an economics peint of view. As shown in the last sec-
tion, tritium production is potentially greater than the value required for a
resonable doubling time and a fraction of the neutrons can be diverted for the
purpose of increasing energy multiplication. Maximizing the energy production
in the blanket per D-T neutron results in reduced cost per unit power by either
increasing power output at fixed wall loading and approximately fixed capital
costs; or by reducing the wall loading while maintaining the power output. The
latter results in lower radiation damage rates in the first wall and reduces
the frequency of wall replacement. The associated improvement in plant avail-
ability (in addition to better reliability and safety) results in reduced unit
power costs. .

Fission-fusion symbiosis has been proposed15 for the purpose of increasing
energy multiplicaticn, but the more complicated safety and maintenance aspects
of such systems is a strong disadvantage. Although the subject of maximizing
energy production in fusion systems deserves exhaustive studies, in the
following only two concepts for achieving this by maximization of exothermic
reaction rates are discussed. .

Since lithium has to be employed in one form or another it is logical to
try to maximize the exothermic reactions in lithium. Natural lithium consists
of 7.42% 6Li and 92.58% 7Li. The dominant reaction in 7Li is the (n,n'a)t re-
action which is important as high energy with a Q-value of -2.467 MeV. The most
important reaction in OLi is the (n,a) which has a large 1/v cross section at
low energy and is exothermic with a Q-value of 4.785 MeV. The effect of enrich-
ing lithium (increasing the isotopic ratio of 6Li) on energy multiplication in
the blanket is brought out by a series of neutronics calculations for the system
shown in figure 1 with a vanadium first wall and structure. The isotopic ratio
of 6Li 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. The total energy
produced in the system (first wall, lithium blanket, and reflector region) is
given as a function of Li enrichment in table IV. The results show that the
gain in energy multiplication as the 011 isotopic ratio is increased is only
0.06% for 15% 6Li, and 0.5% for 50% 6Li. Given the fact that isotopic enrich-
ment is an expensive process, these results imply that the economics for lithium
enriched systems of configurations similar to that of figure 1 may differe little
from systems operating with natural lithium. The reason the increase in energy
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multiplication is small can be explained by analyzing the rates of exothermic
and endothermic reactions. Due to the absence of a large (n,2n) reaction rate
in the blanket, the increase in the "Li (n,a) reaction rate is modest. Further,
the gain in this reacticn is partially offset by the increase in the rate of
the 6Li (n, n')d endothermic reaction. Since OLi is less efficient in
moderating high energy neutrons than 7Li, increasing the °Li isotopic ratio in
lithium enhances the high energy endothermic reactions in the vanadium structure
and stainless steel reflector. Table IV also shows tha effect on the tritium
breeding ratio of enriching the lithium. The results show that it does not
change significantly and is optimal at about a 15% isotopic ratio of 6Li.

Since the ®Li (n,a) reaction rate per D-T neutron can not be increased
beyond unity in the absence of (n,2n) reactions, the increase in energy pro-
duction in lithium above 14 MeV is limited to 2 or 3 MeV because of unavoidable
losses due to endothermic reactions in structural materials and 7Li. The next
possibility for increased energy multiplication is to increase the number of
neutrons by adding a material with a large (n,2n) reaction cross section. 1In
order for the gain in energy to be significant the threshold for this reaction
must be much less than twice the Q-value for the fLi (n,a), i.e. much less than
9.6 MeV and the material should not have other comparable endothermic reactions.
The only material that satisfies these requirements is beryllium,

Design 401 described earlier with a first wall and structure of vanadium
was chosen for investigating the effects of adding beryllium to the blanket.
The basic design was kept the same, but an amount of Be equivalent to a 4 cm
thick layer was homogenized with the first lithium region which is 20 cm of 957%
natural lithium plus 5% vanadium. The new design was given the identification
anumber 405. Design 406 is the same as 405 except that the equivalent beryllium
thickness was increased to 10 cm. Table IV compares the results for neutron,
gamma, and total heating as well as the effect on the tritium breeding ratio.
It can be seen that the tritium breeding ratio in natural lithium increases
from 1.46 in design 401 (no Be) to 1.68 in design 405 (4 cm Be) to 1.91 in
design 406 (10 cm Be). The increases in the total energy production ner D-T
neutron is significant and is 9.3% and 18.45% when 4 cm and 10 cm of Be,
respectively, are added. :

Since adding 4 cm of Be increases the plant power output by about 10%, the
cost of Be (about 60$/1b at present) is no problem. However, the known re-
sources of Be are limited to 2 x 104 rmetric tonnes in the U.S.1¢ A 4 cm thick
layer of Be in a toroidal reactor with minor and major radii of 5 and 15 neters
consumes about 1% of these resources. On the other hand, indicationsl® are
that world prospective resources may be 0.6 megatons. If this proves to be
true, then a few hundred fusion reactors can utilize beryllium without exhaust-
ing a large fraction of the reserves,

The effects of enriching lithium in the presence of beryllium was also in-
vestigated. Design 407 is the same as design 406 (10 cm Be in natural Li),
except that OLi enrichment in lithium zones 5 (12 cm), 6 (10 cm), and 8 (7 cm)
was increased to 50%. These results are also shown in table IV. The energy
multiplication and tritium breeding ratio in design 407 are not significantly
greater than in design 406. The reason is that design 407 is a poor configura—~
tion for efficient utilization of both beryllium and enriched lithium. An
alternative design consisting of a J cm vanadium first wall, .5 cm 90% enriched
lithium, 10 cm Be, 2 cm 90% enriched lithium, followed by a graphite reflector
results in nuclear heating greater than 21 MeV per D~T neutron and a tritium
breeding ratio of about 1.1. Such a system would have the important advantage
of higher tritium production deunsity; thus facilitating extraction and poten-
tially reducing the tritium inventory. A detailed study of such systems mini-
mizing lithium and beryllium volumes will be presented in another paper.

IV, Reflector Region

Lithium is less efficient in moderating high energy neutrons than some
light and most heavy materials. Therefore, it is beneficial to keep the lithium
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region to a minimum size for adequate tritium regeneration and follow it by a
region of more effective moderator. This latter region can te called a re-
flector and serves as an intermediate region between the high power density
blanket and the shield. The reflector is required to: 1- moderate and reflect
a large fraction of the neutrons back into the lithium region increasing the
tritium production per unit volume and allowing a thinner lithium region to be
employed; 2- extracts nearly all the remaining kinetic energy from the neutrons
thus decreasing the energy leakage into the shield; and 3- multiplies the
energy production--if possible. . ‘

Graphite has been widely used for neutron moderating applications and has
been proposed for use in fusion reactors. Iron, on the other hand, has con-
siderably better neutron attenuation characteristics and the possibility of
using it in the reflector region is explored here. In order not to perturb the
magnetic field it is necessary that the materials employed be nonmagnetic.
Hence, stainless steel which has more than 70% iron and is nonmagnetic should
be used. Turther, the nickel and chromium contents of stainless steel are use-
ful for covering the well known iron "windows" associated with the minima in
its total cross section. ,

To bring out the salient points in comparing graphite and SS in the re-
flector region, neutronics and photonics calculations were carried out for a
system consisting of a 1 em Nb wall, 49 cm of 95% Li plus 5% Nb structure, a 25
cm reflector region, and a one meter shield of 50% Pb + 20% Fe + 30% B,C. The
calculations were run for three desigus using graphite, iron, and a mixture of
207% Fe + 50% Pb + 30% B,C, respectively, in the reflector region. Ircn was used
in this series of calculations for the purpose of comparison but stainless
steel does not change the results significantly. < _

Table V compares the most important neutronics and photonics parameters for
the three designs. Three important conclusions can be reached from these
results: 1- Replacing graphite by iron in the reflector region increases the
recoverable energy by about 9.5%; 2- The total (neutrcn Plus gamma) enex:
leakage from the iron is about an order of magnitude lower than that from the
graphite reflector; 3- A mixture consisting of 50% Pb plus 20% Fe rlus 30% B4C
is better than graphite in the reflector region from the energy attenuation and
multiplication of recoverable energy points of view but iron is better than
either. The tritium breeding ratio drops to 1.06, which is unacceptable in
one-dimensional calculations, when this mixture is used. In addition, the heat
generation in the reflector region is so high that it would be difficult to em-
ploy lead in this region because of its low melting point.

From the above results, iron is supericr to graphite in the reflector re-
gion from both an energy multiplication, and a neutrcn and gamma attenuation
point of view. In addition, graphite suffers from severe radiation damage,
mainly dimensional changes, when irradiated to fluences higher than 1022 n/cm2
while 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 is roughly the same as that of graphite. In addition, the
gain in energy multiplication would offset the increase in cost even if stain-
less steel prices were higher. Furthermore, the stainless steel thickness re-
quired to perform the function of a 25 cm graphite region is roughly 9 cm. If
the cost of the 9 cm stainless steel region were the same, there is still a
benefit from using stainless steel since the shield and magnet volumes would be
decreased by decreasing their inner radii. ,

A final point about the reflector concerns reactor safetv. lLead which is
likely to be employed in the shield regionl haz a low melting point. In case of
a loss of coolant accident, high intensity neutron radiation will Denetrate
~‘directly into the shield causing it to melt unless an efficient attenuator such
as stainless steel is employed in the reflector region.
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Table I

Comparison of Tritium Breeding
and Nuclear Heating for Various Structural Materials

Niobium Vanadium St. Steel SAP

6L1 (n,a0)t Tg | 0.773¢ | 0.9042 0.8161 | 0.7555

’Li (n, n'a)t Ty 0.4918 0.5547 0.4944 0.5970

Tritium Breeding | T 1.2652 1.4589 1.3105 1.3525
Ratio? .

Zone

Neutron Heating 3 0.1275 0.2208 0.6016 0.5639

in MeV per D-T 4 6.1367 6.9487 6.4003 6.7733

neutron 5 2.1180 2.4352 2.1895 2.3876

. 6 1.4315 1.6445 1.4734 1.6060

7 0.3330 0.2958 0.3204 0.4297

8 0.1615 0.1805 0.1608 0.1769

a% 10.3082 |11.725% 11.1458 11.9374

Gamma Heating 3 1.5361 0.4881 0.7732 0.2577

in MeV per D-T 4 1.7399 |.0.9494 1.2061 0.8830

neutron 5 0.6781 0.4135 0.43809 0.4016

6 0.4247 0.2766 0.3058 0.2775

7 2,1933 2.0718 1.8749 2.5238

8 0.0120 0.0093 0.0023 0.0075

S* 6.5841 4.2087 4.6432 4.3511

Total Nuclear 3 1.6635 0.7082 1.3748 0.8216

(neutron plus 4 7.8765 7.8981 7.6064" 7.6563

gamma) Heating 5 2.7961 2.8487 2.6704 2.7892

in MeV per D-T 6 1.8562 1.9211 1.7792 1.8835

neutron 7 2.5263 2,3676 2.1953 2.9535

8 - 0.1735 0.1898 0.1631 0.1844

S* 16.8921 |15.9342 15.7890 16.2885

+T6, Ty, and T for the blanket empioying molybdenum are 0.843, 0.506,

and 1.349, respectively.

*sum over zones 2 through 8.




Table TI

Comparison of Gas Production and Atomic Displacement
Rates for Various Structural Materials

(all responses except displacements are given in units of reaction per

fusion neutron)

Zone Niobium | Vanadium St. Steel . SAP
4 3 9.4470 28.9301 124.960 166.590
(n,a) x 10 4 4,.3312 112.3060 55.1620 87.942
5 0.9119 2.2741 10.3739 20.522
6 0.4181 1.0062 4.6977 10.164
S* 15.117 44,536 194.430 285.8256
: 4 3 N N N 20.459
(n, n'a) x 10 S* N N N - 35.158
4 3 31.985 54.179 258.198 117.886
{n,P) x 10 4 15.423 27.168 120.252 68.261
5 3.440 6.203 26,478 18.007
6 l1.6C1 2.915 17.909 8.728
S* 52.482 90.522 415.850 213.232
4 3 N N 69.958% | 207.482
(n, n')P x 10 S* N N 127.5238 328.752
4 3 N N N 31.096
(n,d) x 10 S* N N N 49.472
4 3 N N N 0.140
(n,t) x 10 S* N N N 0.208
displacements per| 3 5.15 8.3 7.0 10.0
atom per 10° '
fusion neutrons

* sum over zones 3 through 8.

N - indicates no data provided for this reaction in
For Molybdenum, N applies for all

evaluations.
table.

a - contribution of nickel and chromium only; N for

iron.

ENDF/B3
reactions in the
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Table IIT

Comparison of Gas Production (in appm/year/(MN/mz)) and
Atomic Displacements (in dpa/year/(MW/m2)) Rates in the
. First Wall for Nb, V, SS, SAP, and Mo

Niobium Vanadium St. Steel SAP Mo
Helium 23.7 56.1 203.3 408.6 | 48.5+
Bydrogen Isotopes 80.4 105.1 537.52 779.0 |97.7t
Displacements® 7.2 11.6 9.8 14.0 | 8.3

*displacement cross sections were derived using mean displacement
energies of 60, 40, 40, 26 eV for Nb, V, SS, and Al respectively,
and B = 0.8 as explained in reference l4.

tcalculated with cross sections from computer program THRESHIO-
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’ Table V

- Comparison of Various Materials in the Reflector Region

Reflector Material Graphite 20% Fe + 50% Pb Iron
+ 30% B4C

Neutron Heating#* 10.6659 10.6585 10.1790
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%* 0.2794 '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

L1%(n, o)t 0.7707 0.5808 0.7645

Li/ (n,n'o)¢ 0.4877 0.4850 0.4836

Tritium Breeding Ratio 1.2584 1.0658 1.2481

* in MeV per D-T neutron
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Fig.2 Spatial distribution of Hydrogen
~isotopes production in Niobium, Vanadium,
Stainless Steel, SAP, and Molybdenum.
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Fig.3 Spatial distribution of Helium

preduction rate in Niobium, Vanadium,

Stainless Steel, SAP, and Molybdenum.
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