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Abstract

The nuclear data requivements for experimental, demonstration and
commercial fusion reactors are reviewad. Particular emphasis is given
to the sghield as well as major reactor components of concern to the
nuclear performance. The nuclear data requirements are defined as a
result of analyzing four key areas. 'These are the most likely candidate
materials, energy range, types of needed nuclear data, and the required
- accuracy in the data. Deducing the latter from the target goals for the
accuracy in prediction is also discussed. A specific proposal of measure-
ments 1s recommended. Priorities for acquisition of data are also
assigned. ' : '
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1. Imntroduction

. The- function of the shielding system in any nuclear reactor is: 1) to
proted; reactor -components from intolerable levels of (a) radiation damage,
_(b) nuclear heating, and (c) induced activation that may result in maintain-:
ability and disposal problems; and 2) to protect workers as well as the general
public from intolerable radiation exposure at all times during operatlon,_
_ shutdown, scheduled maintemance, and unscheduled failures.

_ Shielding calculationS'require methods: and data to predict the nuclear

per formance parameters of interest. An extensive base of methods and data _
exists 1in the highly-developed fission field. -However, the specific nature of
fusion reactor systems and the high neutron energy range of interest make it

" necessary to pursue a research and.development program to extend and improve the:
" methods and nuclear data. The purpose of this paper is to detail the nuclear
data requirements for experimental, demonstration, and the first genmeration of
commercial fusion power reactors. :

The scope of the paper is limited to fusion reactors operated'With_the D-T .
cycle. However, since roughly half the energy of the neutrons in the D-D cycle
is carried away with 14 MeV neutrons, almost all general results and conclusions
are also applicable for reactors operated on the D-D cycle with modest modifi-
cations. Both magnetic and inertial-confinement reactors are discussed, but
most of the details are focused on the former with particular emphasis on
tokamak-type reactors. ‘ '

_ For convenience of the reader, the discussion of the nuclear data féquire—'
ments in Sec. 3 is preceeded by a brief description of the fusion reactor shield
components ‘in Sec. 2. In addition, a rather comprehensive list of references is
given at the end of the paper to cover publications related to fusiom reactor
shield. References 1-25 cover the géneral problems of the technological '
requirements for fusion power development. Some of these are conceptual designs
for fusion power plants and include detailed discussions of the shielding 7 -
problems. References 26-45 address the problems of the bulk shield. .References
-51-58 focus on the radiation streaming problems in fusion reactors. '

It is useful to conclude this introductory section by underlying,both the
importance and difficulty of shielding fusion reactors. This may best be RO
' accomplished by comparing the problems of fusion reactor shielding in reference
to those of the more familiar systems of fission reactors. The fbllowihg items
explain the key points of comparison: ' - ) '

(1). The blanket and bulk shield in fusion reactors are penetrated by
many more large-size holes than are fission reactors. Fusion reactor
penetrationS'are directly exposed to the energetic source neutrons -
and the functional requirements of some of them exclude making any
significant bends in the penetration ducts.

(2) The l4 MeV neutrons produced in the D-T cycle are much more capable

of deep penetration tham are the fission neutrons-whose average energy.

is ~2 MeV., Furthermore, the high energy neutrons induce a variety of
"nuclear reactions, with many radicactive residual nuclei, that are

inaccessible to lower emergy neutrons. '
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(3) The recoverable energy per fission reaction is ~9-10 times larger
than that of a fusion reaction. Therefore, for the same power, a fusion
reactor has ~4~5 times more neutrons than in a fission reactor.

(4) The interrelations between the shield and the components of the
‘reactor are much more complicated in fusion compared to fission reactors.
In- addition, there are many major components of fusion reactors that are-
very sensitive to radiation and requlre extensive measures of radlatlon -
protectlon. '

(5) Most fusion reactor concepts call for major scheduled maintenance
tasks that require more time and manpower than in any of the fission-
reactors. This fact together with those 1n 1-4 make the problems of
radiation exposure and maintainability in fusion reactors extremely
important. . ' '

¥othing in the above points suggests that fusion reactor shielding probléms
cannot be solved at a reasomable cost. They do suggest, however, that the
problems are difficult and prudent economically viable solutlons need to be
worked out early in the fusion reactor development. Obviously, the availability
of a good base of methods and nuclear data is crucial to acccomplishing this

- goal,

2. Fusion Rezctor Shield Components

Fusion reactors can be classified into two types according to the plasma
confinement scheme: a) magnetic—confinement reactors (MCR), and b) inertial
confinement reactors (ICR). Many of the shielding problems in MCR's and ICR's

~are similar, but there are several key differences. This section provides an -

overview of the shield components and their functions in the two types.

The shield system in fusion reactors. consists generally of the féllowing7
components: 1) blanket, 2) primary bulk shield, 3) penetration shield, &)
component shield, and 5) biological shield. Figures 1 and 2 demonstrate the
physical relationship among these components and other reactor subsystems in the
two leading magnetic—confinement schemes of tokamaks and mirrors.. Figure 3 o
displays this relationship for a laser driven reactor, a leading contender among
inertial confinement schemes. ‘ : : '

The primary function of the blanmket is to convert the kinetic energy of
fusion neutrons and secondary gamma-rays into heat. It .provides, of course, a
significant amount of radiation attenuation. The neutron source strength in the .
fusion core is 0.625 x 107 P/E_ neutrons/sec where P is the reactor thermal
power in MW and E_ is the recoverable energy per fusion reaction in MeV. 1In the
absence of energy multiplication by fissionable materials, E in reactors
operated on the DT cycle is ~20 MeV. Thus, the neutron source strength 15 ~3 %
10%% peutrons/sec for every 1000 MW of thermal power. Tokamaks and mirrors are
operated at quasi-steady state, and steady-state while ICR's are operated with
repetitive short pulses. The above source strength is a time-average. In ICR's
and MCR's the blanket must contain lithium in one form or another to regenerate
tritium. The magnitude of radiation attenuation provided by the blanket in both’
types of reactors is roughly the same as the blanket must extract ~95-99% of the

'energy of the neutrons and secondary gammas.




The primary bulk shield26_43 circumscribes the blanket. The basic function
of the bulk shield is to protect reactor components exterior to the blanket from
intolerable levels of nuclear heating, radiation damage and activation. The
largest difference in shielding ICR's and MCR's comes from the markedly
different boundary conditions for the primary shields in the two-types of
reactors. ' '

In magnetiC*confinement reactors the primary magnetic field for plasma .
confinement is normally provided by superconducting magnets. Removal of heat
from superconducting magnets at ~4°K is a powerconsuming process; about 300 watt -
of electric power 1s required to remove one watt of heat deposited in the
magnets. Furthermore, heat generated in the magnets create distortions and

stresses in the magnet particularly if the heat is generated non~uniformly. The

components of a superconducting magnet are overly sensitive to radiation and the
irradiation effects in these components strongly affect the design, operation,
stability and safety of the magnets. Therefore, considerations of protecting
the main quperconductlng (8.C.) magnets dominate the design criteria for the
primary bulk shield in magnetlc conflnement fusion reactors.

The tradeéoffs in'tbe design of the bulk shield and the main magnets

strongly impact the performance and economics of magnetic confipement reactors. .

Keeping the thickness of the bulk shield small results in unacceptably large

power losses to run the $.C. magnet refrigerators as well as intolerable levels ..

of radiation damage. Increasing the thickness of the primary bulk shield
require displacing the magnets further from the plasma. This results in a -
reduction in the strength of the magnetic field in the plasma region and the
reactor power in addition to an increase in the size of the magnets and the
reactor. These considerations are discussed in Ref. 31

~ Since inertial confinement fusion reactbrs do not require magnets the
design considerations for the primary shield are very similar to those in
fission reactors. Space restrictions remain as important shield d351gn , _
counsiderations,. but they are much more relaxed compared to those in- magnetlc"
confinement reactors.

Presént conceptual designs for fusion reactors call for many_largesize
holes to penetrate the blanket and bulk shield. . The most troublesome of all
these penetrations are those for supplementary plasma (or pellet) heating and
~vacuum pumping in MCR's and ICR's in addition to impurity control penetrations
in MCR's. Shielding these penetrations represents a new challenge that no other

-nuclear system had to cope with before. The challenge can best be understood by- ,

recalling some of the characteristics of these penetrqtlons 1) large size,
the cross section area varies from ~0.4 to 3 m?, 2) these penetrations have

openings in the first wall directly visible to the source neutrons generated in .-

the fusion core; they pass through the blanket and bulk shield and extend to the
reactor exterior leading to large size expensive equipment, and 3) the fune-
tional requ1rements of some of these penetrations do not permit significant
bends in the penetratlon ducts.

The presence of penefrations makes it impossible for the bulk shield alone
to satisfy the functional requirements of the primary shield. Penetration
shields are, therefore, required as a necessary part of the primary shield and

- reactor design. A penetration shield is a mixture of attenuating materials that

completely surrounds the penetration as it emerges from the bulk shield and




"extends to the penetration functional equipment {e.g., injecter for meutral
beams, pump for vacuum pumping, laser building for laser beams, etc.). Radia—
tion streaming and penetration shielding is discussed in Refs. 51-58.

Two types of component shields are required. The first is to attenuate the
radiation that streams through the component. Examples are the shields around
the beam injector chamber and the vacuum pumps (see Fig. 1). The second type is
the shield provided locally to protect a component that is overly sensitive to
radiation such as some of the instrumentation equipment. - '

The primary shield which consists of the bulk, penetration and component
shield provides for protection of components during reactor operation. Its '
biological shielding functiom is limited only to reducing the induced activation .
to appropriate levels as required by maintenance tasks during shutdown. The - .
biclogical dose outside the reactor during operation is several million rems/hr.
Therefore, a biological shield is necessary. Since the reactor building is '
required to be ~2~3 m of concrete to satisfy the structural containment func-
tion, the walls of the reactor building are presently conceived to serve the
dual purpose of providing the necessary containment as well as biological
shielding. It appears unlikely that practical designs to permit any type of -
personnel access inte the reactor building during operation can be developed.

On the other hand, fusion reactors require periodic major component replacement
znd maintenance tasks and the need for some personnel access into the reactor _
building after shutdown is unavoidable even with remote maintenance planned for.
These .considerations are discussed in Ref. 92.

3.  Nuclear Data Needs

Commercialization of fusion power requires an éggressive research and _
dévelopment program in a large number of technical areas.” “°  In the nuclear.
design area, we are very fortunate to have the extensive methods and data '
information base that has been developed over the past thirty years in the
fission and weapons programs. Up to the present, the nuclear analysis of fusion. -
reactors has relied almost entirely on this informationm base. It must be

realized, ‘however, that a nuclear design of an actual fusion reactor _
requires’’ some research and development (R&D). These R&D requirements can be
characterized as low risk extensions and improvements to the state—of~th6fart.'- _
However, they are also indespensible as they serve critical needs related to the
reactor performance as well as econcmic, envirommental and safety considera~
tions. Much of these needs will have to be satisfied before building the next
generation of experimental power reactors planned for the midto late 1980's.

_ The nuclear aspects of a fusion reactor can be classified into methods and
dazta. The state—of-the-art and required develcopments in calculational methods
were reviewed in Refs. 74, 75 and 92. 1In this section, the attention is focused
on nuclear data needs; the subject of this meeting. Although our main concern

is shielding, the data requirements for general fusion neutronics are covered as
well.. '

As a first step, one needs to define the materials of concern. Table 1 S
gives a summary of materials being considered for the blanket and shield
excluding hybrid applications. Table 1 shows the actual form of material to be
used, but Table 2 shows the elemental materials of potential use in the blanket,
chiold and mather fueion reactor components. The rezcson the ligst 1is lone igs that
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at thls stage there is a dlver81ty of design concepts and -a number of reactor
types for which the appropriate selection of materials vary widely. There is
presently no committment to a specific reactor design with a definite material
selection. This represents one of the serious difficulties in establishing the
priorities in a nuclear data measurements program. Nuclear data is, of course,
required for all these materials as a part of the imput to the comparative
technical evaluations necessary to select design concepts and materials.
However, most of the requirements for this purpose can generally be satisfied by

presently available data with a modest effort of data evaluation.’~ The major

concern is the nuclear data measurements. Because of cost and limitations on-

- available experimental -facilities these measurements must be kept to a minimum.

An important consideration, however, is the long time that these measurements
consume. In order to ensure timely availability. of important data needs, one is
forced to make judgements mow about the material selection. To satisfy this - _
purpose, we have indicated a qualitative judgement in Table 2 on the probabllltyi‘
of using each material in 1) the mext generation of experimental power . o
reactors, and 2) the demonstration and commerical power plants. These are -
careful judgements, but as our knowledge deepens and expands some of them may
change.

The second area of concern in identifying the nuclear data needs is the
energy range of interest, In fusion design application, this energy range
extends from thermal energies to at least the average energy of the D-T
peutrons, i.e. 14 MeV. It should also be noticed that there is a considerable
width in the spectrum of the source neutrons emitted from DT plasmas signifi-
cantly heated or drivem by injecting energetic deutrons. Therefore, the high
energy limit for nuclear data should extend to ~16 MeV. There are other fusion-
related applications, such as materials irradiation facilities with D-Li meutron
source, that requ1re -extending the data base to ~30 MeV, but these are not
covered -here as our concern 18 focused in this paper on reactor design appllca—'
tions. The fact that the energy range of the greatest importance in fusion
extends to 16 MeV while there has been only a nominal interest above 5 MeV in

.fission suggests that most of the new nuclear data measurements needed for

fusion is in the energy range 5-16 MeV.

The third area of concérn is the type of nuclear data'required‘in fusion
design applications. Table 3 shows these datz types. The nuclear designer
needs to calculate: 1) Tritium breeding in the blanket and tritium produttion'
that may contaminate other regions, 2) nuclear heating, 3) radiation damage -
indicators (atomic displacement, gas production and transmutations), 4)  induced
activation and related parameters such as the decay heat and biological dose,
and 5) neutron and gamma—-ray shielding attenuation characteristics. - To
evaluate these quantities one needs a variety of nuclear data that can be-
broadly classified into three areas: a) neutronics, b) y-ray production, and
¢) gamma-ray interactions. The nuetronics data consist of cross sections for
individual neutron reactions and secondary neutron energy and angular distri- -
butions. The reactions of importance are most affected by the energy range of
interest which extends to .16 MeV. For example, high energy neutrons are
capable of inducing a variety of important reactions that -are inaccessible to
lower energy neutroas. Therefore, in fusion design one needs cross sections for
reactions such as (n,n), (n,n"a«), (n,p) and (n,n p) for which there is presently
no or little information for several important materials. B It should be
emphasized that while lumped cross sectlons such as the total helium production
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cross section may be suitable for radiation damage calculations, induced acti-
vation requires cross sections for individual reactions. Furthermore, accurate
calculation of induced actlvatlon r§8u1res the nuclear data for each individual
1sotope. It has also been shown that although muclear heating calculations.

‘can be made directly from lumped data for a mizture of isotopes, the correct

averaging of data, e.g., energy dependent Q-values, implicitly assumes that the
isotopic data is knowun.

Since shielding plays & major role in fusion design, the data requirements
for shielding must be emphasized. These requirements are generally different
from those for the blanket. In shielding, the main interest is neutron and
gamma attenuation, deep penetration and streaming. This requires emphasizing

the 1) accuracy of basic cross sections such as total and elastic and lnelastlcr'

scattering, 2) gamma~ray production and interaction, 3) energy and angular
distribution of secondary neutrons and gammas; scatterlno anisotropy is
generally crucial- to streaming and deep penetratlon problems and 4) good
resolutlon of cross section minima. -

Gamma-ray production data is very-crucial to nuclear heating and radiation

.shielding application. The status of nuclear data in this area is particularly

serious gesplte significant recent improvements reflected in the latest ENDF/B
version. " For example, there is presently no reliable gamma production data
for important materials such ag!'E and tungsten. The data measurements and
evaluatlon for gamma productiom can actually be simplified by recognizing that
only two types of information are required: a) the total gamma production
cross section as a function of the incident neutron energy, and b) the energy
distribution of emitted gammas as a function of the incident neutron energy.
The angular distribution of emitted gammas is also required, but at a lower
priority since the nature of the volumetric source distribution terds to largely
compensate the modest anisotropies in emission. Measuring or identifying gamma
production by reaction and isotope is of secondary importance except in special
Ca25es.,. ’ a ’

Nuclear data for gamma ray interaction is generally the best known of all
tynes of data._ Only modest revisions are required ia thls area.

The fourth area of concern in defining the nuclear data needs is the
required accuracy in the data. This is a difficult area and is a part of the
more general question of the required accuracy in predicting the muclear
performance characteristics. The errors in muclear calculations come from a.
variety of errors and approximations such as those in data measurements, data
representation in evaluated files such as those of ENDF/B, data processing,
multigroup energy representation, geometric representation of the system,
transport calculations and response function evaluation. Therefore, a knowledge
of the target accuracy in the estimated nuclear parameters is necessary but not
suificient to define the accuracy goal for the basiec nuclear data.

The desirable accuracy in predicting the nuclear performance characteristics

can be determined from an elaborate cost-benefit analysis. The cost is princi-
pally that of the research and development, the man and computer-time for
performing the calculations and verification experiments. The benefits are the

economic gains realized by reducing the degree of conservatism usually necessary

to assure satisfactory operation and safety of the power plant. TFor example,
overpredictine radiation attenuation in the shield has very serious consequences




‘of_impairing operation of many fusion reactor components, increasing the number
of unscheduled failures, reducing plant availability and increasing the poten-
tial of radiation exposure. The seriousness of the situation is compounded by
the fact that there is normally no space for shield improvemeunt after the

_ reactor has beew built. Therefore, shielding calculations are always required
te be conservative. The larger the uncertainties in prediction the higher the
séfety margin and the degree of conservatism have to be. A high degree of

conservatism in-shield design can be an unacceptable burden on the reactor

I
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It is very doubtful that a reliable cost-benefit analysis of the_type_

" referred to above can be performed for fusion reactors for many years, and
perhapsrdecades, to come.- Quantifying the costs and_benefits.is extremely
difficult in practice. It appears, therefore, that the fusion community has to
be content with only evaluating the penalties resulting from uncertainties in

prediction or the benefits that can be derived from improviag the accurancy of.
prediction. This iIs still a difficult task, but some effort in this area is
definitely required as a part of fusion reactor research and development
program. For our purposg here let us qualitatively discuss an elementary
example. Figure 4 shows the cost of enerwy in a tokamak reactor as a
function of the blanket/shield thickness, o on the inner side of the torus -
with stainless steel and boron c¢arbide as tEe constltuents of the blanket/
shield. The results are shown for several sizes of the major radlus. Ar
presenﬁ, the tokamak design effort is focused on smzll size ‘reactors of

major .radius R = 6 m or less for better economics. From Fig 4 one notices the
great sensitivity of the cost of energy to the value of A gy at R < 6 m. "The
optimum'value of Al is ~1 m. Using smaller values of ABS will result in a
sharp increase in tﬁe cost of energy due to the large increase in the power
required to run the superconducting magnet refrigerators and the large increase
in the magnet cost necessary to accomodate higher radiation levels. At these
small values of AT there are risks associated with the reliability of the-
operation and safety of the magnets. Therefore, it appears mnow that the design

- value for At must be greater than the optimum value of 1 m.’ F;gure 4 1nd1cates
the penalty 1n the cost of energy resulting from u51n0 larger At

BS®
'One'should carefully note here that the penalty as shown in'Fig. L is due .
to the increase 1n A;S wiEh the shield actually performing as calculated. The
penalty from increasing A and the shield providing less attenuation than
calculated is much larger than that in Fig. 4. To provide a more realistic
indication of this penalty we have plotted in Fig. 5 the cost of power as a
function of the additional non-shield increase, §, in A> . This is roughly the
effect of the actual thlckness of the blanket/shleld bu1§t as Als + & while its -

attenuation is only that predlcted by the preseént calculation for a thickness A;S'

- The results in Fig. 5 suggest that for small-size tokamaks the penalty of the
increased cost of power can be as high as 1% (for a 1000 MWe this is ~20 million
dollars) for every loss of attenuation equivalent to that pfqvided by only 1 cm.
(in this example, 1 cm is 1% of A ) of shieiding. This is a very large penalty
and serves to demonstrate that very good accuracles will be required for most of
: the shielding calculations in fusion reactors.

; In Table 4, we attempt to define some target accuracies in predicting the
E ' important nuclear parameters in the blanket, shield and other reactor components
L where radiation is of concern. As in many instances in this section, these must
. . be viewed as careful judgements some of which may change as our experience and



knowledge of fusion reactors deepen and expand. A few notes on the accuracies
defined in Table 4 are in order. Generally, very good acecuracies are required
“in the blanket where primary energy conversion, tritium produbtioﬁ and severe
radiation damage occur. 'The target accuracies for caleculating the nuclear
responses in the shield can be much less than those in the blanket. However,
the need for relatively high accuracies in predicting the nuclear responses in
‘the superconducting magnets in MCR's requires that the characteristics of the.
radiation emerging from the bulk shield (and penetration shields) be known to an
appropriately good accuracy. Only a factor of 2-3 has been set as the target
accuracy for the biological dose in the reactor floor (outside the bulk shield)
and outside the reactor building. Better accuracies are, of course, desirable,
but they are not practically achievable because of the large number of decades
of radiation attenuation 1nvolved.

_ 'The most difficult question s to define the accuracy goals for each type
of basic nuclear data measurement for each material. These goals must, of
course, be consistent with the target accuracies for predicting the nuclear
design parameters discussed above and shown in Table 4. 3But two key questions
arise. One is how much of the tolerance in design calculation accuracy can be
permitted for nuclear data. The second is how much inaccuracy in estimating a.
nuclear performance parameter results from an error in a particular part of
nuclear data in a specific energy range for a given material.

83 .
Sen51L1v1ty analysis 1s generally resorted to for defining the nuclear

data accuracy needs. The general purpose of the sensitivity analysis is to
determine the sensitivity of calculated parameters for a nuclear system to the
infor mation used. Thus, sensitivity analysis can be utilized to examine the

ffects of uncertainties in nuclear data as well as variations in materials. and
geometry on the caleculated parameters of interest. In the past few-years, thefe-
has been a very significant progress in developing theoretical formalisms and-
éonputer codes for sensitivity analysis. ' The lastest of these develobments
is the channel theory  which makes it possible to determine .the 'channels' in
space and energy thgt contribute most to the radiation field in a particular.
location. A number of sensitivity studles for fusion appllcatlons have
also been recently performed. ‘

The sensitivity analysis is of considerable value'iﬁ-many problem areas
Unfortunately; at this stage of fusion reactor development, it cannot be used as
the primary tool for defining the nuclear data needs. A principal difficulty
with the sensitivity studies 1s that the information they yield are highly '
system, geometry, response, material and reaction specific. For example, radia-
tlon streaming in complex geometry changes substantially from one design to '
another and the relative importance of particular pieces of nuclear data can be
videly different.. At present, there 1s a diversity of reactor types, design
concepts and materials being considered for fusion reactors. Furthermore,
sensitivity studies require part of the input information to be the uncer~
tainties in the cross sectiouns and the correlations between the various cross.
section errors. These are available only for very few materials. Some of the
cross sections needed for fusion applicaticn have never been measured and a
sensitivity analysis for these cross sections is obviously meaningless. It is
desirable, however, to provide realistic estimates of the carefully evaluated
data in the data files for future use in sensitivity studies.




" Table 5 shows the recommended nuclear data measurements needed for fusion
" reactors. These are not limited to the shield requirements, but they cover also .
the blanket and reactor components where the radiation field is of concerm. The
needs indicated in Table 5 are for measurements and do-not include . data for
which evaluation or theoretical estimates can suffice. The priorities of the
‘data needs are assigned as follows: (1) wurgent, (2} high priority, (3)
needed, and (4). low priority. These priorities were assigned based on careful
judgements 1 of (a) the probability that the isotope or element will be used

in fusion reactors particularly in the next generation of experimental machines;
(b) the significance of the reaction to neutron transport, energy depositiom, .
radiation damage, tritium production and induced activation: (¢) accuracy of
currently available data; and (d) the variety of considerations that have been
discussed in this section. L '

4, VSummarX_

_ Valuable extensive experieﬁce and a broad base of methods and data is
‘available to the fusion reactor shield desigrer from the highly developed field
of fission. However, fusion reactor shielding presents new, interesting and .-
sometimes challenging problems above and beyond those familiar in fission
reactors. Furthermore, the specific nature of fusion reactor systems and the
hich neutron energy range of interest in the D-T cycle make it necessary to
pursue & nuclear research and development program., '

Ko technical systematic method exists for rlgorously cuantlLylnv the
specific nuclear data requirements. Nor 1s it likely that such a method would
become available in the near future for reasons discussed in the paper.
Therefore, only a framework of nuclear data requirements can be developed at
p;esent-with heavy reliance on.the experienced judgement of researchers in the -
field to fill in the specific details. Flexibility is necebsary to modify these :
judgements as our knowledge and experience deepen and expand. Close interaction.
among experlmentallsts, evaluators and reaetor designers 1s crucial to any
prudent data acquisition program.

_ An'attempt was made to define the specific nuclear data requirements, as we .
"see them today, for fusiom reactors with particular ewmphasis on those for the
‘shielding. Six key areas were analyzed: (1) materials, (2) energy range,

(3) specific types of nuclear data, (4) accuracy of data, (5) priority, and

(6) time scale needed for acquisition of data. The presence of a diversity of
design concepts and the lack of a committment to-any material at presemnt poses

the most serious obstacle to defining the nuclear data needs. "Assigning a '

probability of using potential materials was resorted to as shown in Table 2.

For near-term experimental reactors, it appears: that the use of the following
materials is very likely: iron-based alloys (Fe, Cr, Ni, Mn) in the shield and
blanket and magnet structure, boron-carbide (B, C) and lead in the shield, o

copper in the magnets, aluminum in a variety of components, and H, C and 0 in

insulators. Tungsten is an exception in that the decision on using it will ~
depend on verifying its apparent benefits by new differential and integral '
experiments. Lithium 15 probably the only material whose use in commerclal
reactors is almost certailn.

Most of the new.measurements needed are in the energy range of 5-16 MeV.
This high energy range of interest dictates the need for knowledge of data for
virtually all the variety of reactions that are energetically possible up to -~16
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MeV; albeit a wide variation im accuracy requirements. The need for data by‘
isotope. and reaction has been shown. In shielding, the main interest 1s neutron
and gamwa attenuation, deep penetration and streaming. This requires empha-
sizing the (a) accuracy of basic cross sections such as total, elastic and
inelastic scattering, (b) gamma—ray production and interaction, (c) accuracy
of neutron emission spectrz and apgular distributions; scattering anisotropy is
generally crucial to streaming and deep penetration problems, and (d) good

‘regolution of cross section minima.

. Specifying the needed accuracy in data was shown to be extremely difficult
at this stage of fusion reactor development. An attempt was made to define
target accuracies for predicting the various responses in several reactor
components. These are shown 'in Table &,

Table 5 shows the nuclear data measurements needs for fusion reactors as
derived in this work. It should, be clear that some of the items in this table

‘will very likely require revisions as a result of future work. The table,

however, should serve as a useful guide for developing z nuclear data measure-
ment program to sarve the needs of fusion reactors; particularly the near-term
experimental power reactors. ‘ '
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Summary of Haterial'Propbséd
for Blanket and Shield.

Tritium Breeding .

Liguid Lithium

Molten salts (LisBeF.) :
Alurinun Compounds (L2141, Li, 351200
Ceramic Compounds (Li,0, lecz}
Lithium—Lead eurectic

Structural Materizl

Iron-Based AYloys

Rickel-Based Alleoys
Refractory-Based Alloys (V, Hb, Ho)
Titaniuw

Aluminue-Based Alloys

Coclank

Liquid Lithium
Holten salts
Helium, Warer -

INeurron Hultiplicarcion

Beryllium, -Lead

Reflector

CGraphite, Stainless steel

Shield

Stainless steel, Tungscen

Lead, Lead Mortar, Lead Acetate
boron Carbide (B,C)

Borated Water

Iror Mortar, Concrete

LiH, LiD
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’ Table 2 ' i B
Elementary Materials of Potential Use in Fusion Reactors
A qualitative judgement on the probability of using the material is shown :
(4 = high, M = average, L = Low)
Demo and Commercial Experimental Reactors
Harerial Blanket Shield | Others Blanket Shiald Others ) Comsents o .
iydrogen Y H . H H )1 plasma, H,0, in organic insulators
belium ¥ M H M H .- . coolant, zlso in S.C. magnets .
Lichivm " ' H ) L tritium breeding, neutron ebsorption
Berylliu= H - Lo neutron and. energy multiplication
EBoron ’ H. M R . probably in B,C form ’
Carbon L H A H B,C, reflector, wall coating, in iosulators
Xitrogen E H M reactor building atmosphere, insulators
0xvgen ! B B Hy0, reactor building atmosphere
Flourine 1 L ] in molen salts
! Sodiuz f M- . secondary coslant . i
: Aluminun L L H . L L B 5.C. magnet stabilizer and structure . - Sh
: Silicon M ¥ u 8iC, Stainless steel i ) - B -5
Argon H ¥ - -reacror building atmesphere i
Titaniuw X L L structural material - Co
© ¥anadium Y- L L , structural material i ‘
Chroz=fuz 1 H B H H R H . iu steel ‘and super alloys '
Manganesa b ot H R - B H in " " " "
rom B B H 3 H H in " -0M " b
iz B E H H H B in " " " "
° H H acrmal and superconducting magunets
M H - structural material, also in superconductor
Hs L L . :
i 1 14 L ’ in Np3Sn superconductor
- . |
Tantaluc ! L L . -
3 Tungsten H b in space~restricted shield region
Lead A B H : im lithivo-lead compounds and lead shield
: Bisgmurt ' L . . ’
||
< _ : : Table 3 ) C : _
i Types of Nuclear Data Required in Fusion Nuclear Design -
. Trizivm Nuclear | Radiation | Induced Radiation
Application Breeding | Heacing | Damage Activation | Shielding
: Indicacors .
: , S |
: Datz Type : : S T :
Total X X X X ' ‘
Elascic x X X X ‘
Inclastic X 4 X "X i
Feutron Emission X X X X |
. dofen, PE")
{n,2n), (n,3n) X X X X
(s,0), (p; n'2) X X X
{a.,p), (n; n'y) X X X
(n,d), (n; n'd) . X X X
(n,t), (n; n'c) ) b4 X X x n
(g, v}, (o; »'y), (m; xv) X X b
Gamma Production X b4
{cP, dofan, P(E_~ E )}
. n Y




Table &4

Some Required Accuracies

in Fusion Reactor Shielding

Location/Response

Desired Accuracy

yirst Wall/Blanket

Nuclear Heating .
Tritium Producing
Atomic Displacements
Helium Production
Trapsmutations
Induced Activation

" Bulk Shield'

Nuclear Heatlng-

dpa-and He and H product101
Activation

Tritvius Production

Hain (Superconducting) Magnets
KWuclear Heating '
dpa
#, He production
Activation

Penetration Duct Halls

Nuclear Hearing
dpa and He and H productlon

- Penetyation Functional Equioment

{e.g. vdacwum pumps, oeutral beam injectors)

Nuclear Hearting

dpa and He and H production
Activation

Tritium production

Reactor Floor
{outside the shield and inside the
containment building)

Blological Dose dufing operation
Biologicel Dose zfter shutdown

Coolant Manifolds and Hear Exchanpers

Biologlcal Dose after shutdown

Contafnment Building

Nuclear Bearing
dpa and He and H production B

External Bilolegical Dose
{outside containment building)

total 2%, spatial distriburcion 10%
breeding ratio Sh, local 10%

10z

10Z

0%

50%

gross 20Z, local 30%
factor of 2 .
factor of 2
factor of 3

gross 10%, local 20%
gross 10%Z, local 20%Z
gross 40%Z, lecal 8CZ
factor of 2

local 20X
local 50%

gross 30Z, local 50X
502

factor of 2

factar of 2

" factor of 3

factor of 2
factor of 2

factor of 2
local factor of 4_

. factor of 3

& ~ Thesc accuracies are.approximate and they may change as our knowvledge and experience .
deepen and expand. Some of these accuracies {e.g. that for the nuclear heating in

the blanket) may be relaxed for near—term experimental machlneu. : D i
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Nuclear Data Measurements
Needs for Fusion Reactors

¢istributlons

Incident Acouracy
Energy Goal
Heaction Type of Measurement {HeV) (x) Priori_.t)rIE Comments
611 elasric scattering o o do/fan 2-16 16 | 2 React}on is fwportant for pood inter-
o R pretecion of other reactions.
$11 inelastic scattering LI da/di 2-16 10-20 2
v
5L4(n,edt 7 0.3-16 5 b
n,n
N .
11(n,2n") O 2 F(En,) 6-16 10-20 2 Seurce of helivm aad hydrogen
production.
BLt(n,n"p), BLi(n,n"c) a .., @ . 5-16 30 4 Cross sections may be small bub peed
- n,n’p’ n,n’e
e be examined,
E11{n,n"d} I P(ﬁn) 3-16 . 10-20 2
$1¢ neurron ewission z om 3-16 5 2
M iainTe) o s P(En,) " 316 5 1
. 7L elastie LI ' 2-16 1% 2 Elastic scattering 1s essential to-
. ' interpreting important reactiona such.
. as (njn”,t). -
711 inelascic scattering O - 2-16 " 10-20 2
f
7L1 neutron emission c; - 2-16 5 1
LEM.
Boron eleestic scattering L. 614 5-15 2 Isotopic values needed; reaction
4 ’ affects the interpretation of othe
E reactlons. . o
B nectroz ecisslon % em 6-16 ] 1
8. .
12 ¢ D .
sin,t %0t 1.2-16 207 1
H5({n,t) 9., 12-16
B lnp) - %p 0.01-16 20 2
¥En,n) o, gt P En,) 9-16 o 2 Pain,2n)95 = 2¢ + P
¥z (n;np) un'n'p' P(Fﬂ) 7-16 30 2
. v .
Ly (n,a) LI C7-18 30 z The decay product is Zn,
L} B - -
11 -
S(E,zn? LI P(En, 12416 30 7
Boroh pawme production 9y P(EY 1076-16 it 1
. :
C(o,xa) a. Yo 6.5-16 10 2
v .
C{n,e) g_ ,o - e 6.5-16 20 3 Tnergy distribution of the charged-
cp 0y X )
) particles ‘is uvseful.
t(n;n‘3a) 3’ 3 E; 8-16 1)) 1 Toral belium productien, heating and
T - neutron transport in catbon is very
. : . . ‘ sensitive ro this reactioa.
€ nevtren erlssion n,em, 6-15 . 10 1
¥Ye peutron ezission - 8-16 10 1
s BB - : .
Sere, “Fe(n,a) - 107516 - 20 2 Energy distriburions of emitted
ou;'UUt,Ua S .. . 40 3 alphas are very useful.
Z v
STelnen” _ : .
Te{s;n”,p) cn,n.'p. P(E“.) ~8.5-16 20 2
Tt peutren emlssien % em 8-16 e 1
pem.
Cr(n.na) o a Threshold~ 20 2
. ' 15
Ex(mmpd o, %p Threshold- 20 2
zf':r(r,pjl 16 2
‘;'fii; a Threshold~ 30 :
i) o 18 :
npp, TPy, v e .
*Cr(n,In) . O, 20 P(En,.) ~12-16 20 2
Sig ) ~9-
Crin,2) on,d'ondo'ﬂndl' . e 9-16 e ?
5Sase 1 4 ) '
Wi inelastic ecattering Un.n’ 4-16 10-20 2
(level and continuun) Angular and energy &-16 20-30

16




EIRt fpelaatic ecattering

o

B-16

17

1020
n,n” . Z
{level and coutinwos) Angular and ensrgy 6-16 20=30
. dizcributions
58x1(n;a”,p) Threshold-

- * 1 t tainity ~2001,
E%s{nin”,p) ®a,n"p’ En‘) 16 2 Current uncertaiaity -
58%1(n,2n} S 20 P(En,) ". Threshold- 10 3 Date currently avallable bur there

4 16 are some discrepancles at high ensrgies.
(et - . ’

Kilm, 20} L P(En) Thresggld 10 3 Currently, mo data.
5BRi{n, a . 107616 10 1.

6'»‘}"1&,23} no'opt ny .
5854 (n;n"a) " s '
E""’Ki(n;n’a)} - Ym0 P(En‘) . 7-16 0 N
#lekel, migsi L 'em ' Threshold- 10-20 2 Anpular disrribution required where
neutren ezissilon [ 16 . gignificancly anisotropic.
Cu neutren exmlssien o i 2-16 10 -1
n,em. .
E3
. Cufa,p} Un,p’onpo'anpl, P 1-36 20 13
B3p. &5 . .
. Cufn,d),®>Culn,d) on,d'cndg'undl. L. 10-16 g - 2
63culnin” : - '
Cul(nin”p) Un,n’p' P(E“,) 9-16 20 1
- ~6-16
Cu gamma production cn,xv’ F(EY) 10 1 20 1
V¥ inelastic scattering LAY angular and 1-16 10--20 3
f
energy distributicns
¥ neutron emission % em 7-156 10-20 2 Angulz'n' dimcribution ias of interest.
LEm, .
Vin, 0,0 . . 2-1é 20 3
(n,p} “ap %p0%p’
Vin,o) 9 0“0‘0‘11 N . 3-16 2¢ 3
V¥{n,2n) . Oooar C (En’) 12-16 10 z
V{nin“s) g _ " -
V(nia“a} Urv P LA 8-16 20 4
Ti elemental total Total creoss section 1-20 2 2
cross section -
“Evi - ipelastic : ;
4871 peatterimg %n.n” "—.15 J1e 2
a7y ' . $3-16.

Ti(n,p) UDP’GPU'UP]' ] 20 Z
L7 -6

Ti(o,a) _ % c“u o . 10 16_ 20 2
y7 _ :

Ti(n,2a) S oag* P E“, 5-14 20 3
L5 _ . .

Ti(n,Zn). cn.Zn’ P En, 12-16 20 2
Y871 (n,a) P I Threshold~ 20 -3

na’apg’ oy 16
tesd neutron enlssion 0 6-16 20 2.
: n,em, . : ) .
lead (n,n”) Discrete inelastic 8-16 20 2
scattering
34n {n, 2n) o 12-16 20" B3
. n,2n
S5 - 2-16 20
tnf{n,p) Un,p ) : 3.
53 (n,n) o 1-16 20 3
. n,n .
5 5u, P - 6-1
HMa(nin”,pl np 6 30 3
S%n(nin®,a) . B-16 0
n,n"a
¥ inelastic scattering %h,n° 1.5-4 10 1

' : - 2-6 S

W elestic scatrering [ » dofdn 8-16 10 4

f
W neutron emission nyem. 4-16 0 3
W gatma production I3 , PIE 10-8-16 20 1

. n,xy Y

AfL(n,2n) n 20 13.5-18 20 2 Cross section to the isomera 25A1

* £
ALl 14-16 7 (positron emficter} is major concern
. ta,p) on,p ° for induced activation. -
AL neutron emission 5-16 26 2 -
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5 . - . . 7 _ T -
Be{n,2n) . on,Zn 1.8-16 10 .3
9 1 - T *
Be neutreon emiwsion % em, 1.8-16 10 3
*Onr(n, ) Un,Zn " Threshold-
15 20 2
0 Neutroao emission ’ 9 em ' ) 5-16 10 2

b3 . .
For 211 entries in the table, o
nyen

* . N .
P fﬁj refers to the energy distribution of secondary oeutroms.

.

generally required at peveral engles with outgoing neutrons recordew down Lo a few hundred KeV.

a. Priorities are sgsigned as follows: (1) Vrgent, (2) high priority, (3) needed, {4) Tlow priority.

refers to the neutron emission spectra and angular distriburienm, o ﬁem
: . Ty

¢ ., E.D
L .

o

2t e r 4 peLATE
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