
IAEA-TECDOC-223

NUCLEAR DATA FOR
FUSION REACTOR TECHNOLOGY

PROCEEDINGS OF THE ADVISORY GROUP MEETING
ON NUCLEAR DATA FOR FUSION REACTOR TECHNOLOGY

ORGANIZED BY THE
INTERNATIONAL ATOMIC ENERGY AGENCY

AND HELD IN
VIENNA, 11-15 DECEMBER 1978

A TECHNICAL DOCUMENT ISSUED BY THE
INTERNATIONAL ATOMIC ENERGY AGENCY. VIENNA. 1979



NUCLEAR DATA FOR PÜSIOH REACTOR TECHNOLOGY
IAEA, VIEMA, 1979

Printed lay the IAEA in Austria
December 1979



PLEASE BE AWARE THAT
ALL OF THE MISSING PAGES IN THIS DOCUMENT

WERE ORIGINALLY BLANK



The IAEA does not maintain stocks of reports in this series. However,
microfiche copies of these reports can be obtained from

INIS Microfiche Clearinghouse
International Atomic Energy Agency
Wagramerstrasse 5
P.O. Box 100
A-1400 Vienna, Austria

on prepayment of US $1.00 or against one IAEA microfiche service coupon.



FOREWORD

The Advisory Group Meeting on Nuclear Data for Fusion Reactor
Technology was convened by the IAEA Nuclear Data Section at IAEA
Headquarters in Vienna, Austria, from 11-15 December 1978. The
meeting was attended by 34 scientists from 15 Member States and
3 international organizations.

The main objectives of this meeting were to determine specific
nuclear data requirements for fusion reactor technology, to assess
the adequacy of available data in relation to these requirements,
and to formulate recommendations for future activities needed to
remedy the identified data deficiencies.

This report contains the text of a set of review papers, pre-
pared specifically for this meeting, which address both the require-
ments and the status of nuclear data for fusion applications* The
recommendations for future activities, formulated at the meeting,
are contained in a companion report INDC(NDS)-101/LF.

A. Lorenz and D.W. Muir
Editors
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Nuclear Data Requirements AG-159/11
of the Introductory PaperMagnetic Fusion Power Programof theUnited States of America

by
Charles R. HeadReactor Systems and Applications Branch

Division of Development and Technology
Office of Fusion Energy

Department of Energy, U.S.A.

Abstract
The purpose of this paper is twofold, first to give a brief introductory
overview of the future course of magnetic confinement fusion device
construction as this task is currently perceived by the U.S. Department
of Energy, and second to present for your consideration the most current
version of the statement of nuclear data needs of the U.S. magneticconfinement fusion power program.

Overview of Construction Plans
To set the stage for the discussion of fusion device construction, it isappropriate to briefly review the current status of the experimental
program. This will hopefully aid the reader in assessing the degreeof certainty in the discussion of power producing devices which is to
follow. The Princeton Large Torus (PIT) has recently achieved ion
temperatures in excess of 60 million degrees, thus pushing tokamakplasma temperatures deep into the collisionless regime for the firsttime. Succeeding devices, namely PDX, Doublet III, Alcator C and ISX-B,
are either in preoperational shakedown or are entering the final stages
of construction as I write this paper. These devices should push the
plasma parameters well into reactor like regimes and achieve plasma
conditions equivalent to energy gains near unity. They should alsoprovide initial tests of plasma shape scaling, impurity controlmeasures, alternate plasma heating techniques and other basic plasma
data needed to lay a firm basis for design of a first generationfusion power producing device. However, these devices will onlycontain hydrogen or deuterium plasmas.
Close behind these devices is the Tokamak Fusion Test Reactor (TFTR)
at the Princeton Plasma Physics Lab. This device is expected tobegin operation in 1981, and will be the first to use a deuterium-tritium plasma. TFTR should demonstrate plasma energy breakeven in
1983. It is expected to start operation in a two component mode withapproximately 20 MW of neutral beam heating in 0.5 second pulses.
Planning has started on a TFTR improvements project (TIP) which woulddouble the neutral beam power level and extend the pulse length to
1.5 seconds, thus pushing TFTR into the bulk burning mode which isexpected to be used in fusion power reactors.
This takes us up through the currently operating experiments and thosecurrently under construction. It should be emphasized that all of thesedevices are experiments, intended primarily to study plasma physics.Although some radiation is produced, the fluence levels even in TFTRare still low ( -x, 5 x 1016 neutrons)M?
The next step is fundamentally different. In the United States it iscalled the Engineering Test Facility (ETF) and it is envisioned as adevice capable of producing net electrical power. The ETF will be used
primarily to develop fusion reactor technology in preparation for the
succeeding fusion power reactor projects. It is presently conceived of
as a $600 million device capable of producing a near ignition plasmafor extended burns of up to 30 seconds. It is currently intended tobe a device which will evolve through a preplanned series of upgradesfrom a long pulse plasma experiment, through a first generation fusion



power production experiment, to finally become a national facility fortechnology development and experiments which require an intense source
of 14 MeV neutrons. It is intended to have an operating life of approx-
imately ten years, and while the ETF will probably be a tokamak it could
be a mirror or alternate concept device. In any case, the ETF is intended
to demonstrate plasma physics and technologies required for other con-finement concepts.
The ETF will undergo preliminary conceptual design at an ETF Design
Center to be composed of personnel from all three TNS design teams and
from elsewhere in the fusion power development community. Oak RidgeNational Laboratory has been chosen to host the ETF Design Center and
Don Steiner has been chosen as the ETF Design Center manager. The
Design Center will begin staffing as soon as possible and initiate
operation in parallel with the staffing. One of the first tasks of
the Design Center will be to organize an ETF Mission Workshop to
develop for submittal to the Office of Fusion Energy a more detailed
Mission Statement for the ETF. We hope the design work done by the
Design Center will be sufficiently convincing to allow initiation of
an ETF Project in 1984 with initial operation scheduled for 1992.
Following the ETF, the current Department of Energy planning calls
for a decision to choose one concept, either a magnetic confinement
device or an inertia! confinement device for development as an
Engineering Prototype Reactor. This device is defined as an integrated
system producing net usable energy in a manner indicative of aneconomically competitive design. All technological and engineering
requirements will be met with a solution which is transferable to
commercial designs. This device is expected to cost approximately
$1 billion with project initiation in 1997 and initial operation in 2004.
Beyond the EPR, the final step before commercial deployment of fusion
power is planned to be the Commercial Demonstration Reactor or Demo.
This device would be designed and built in a manner such that each
requirement is met with an economically competitive solution; solutions
which would convince industry to take the next step on their own. The
Demo project is intended to start in about 2005 with initial operationin 2015, however, these dates have been developed more to indicate
general programmatic intent than as strict planning dates. No cost
estimate has been proposed for the fusion Demo.
The reader will note that no mention of hybrids of other alternateapplications has been made. This is not intended to imply that we haveno intention of developing these technologies, but rather that progressin these areas is not advanced enough to justify incorporating theminto the long range program projections. In any case, the ETF will
.probably be designed such that experimental hybrid or synfuel modulescan be inserted for test, and who knows? The EPR might be a hybrid.
Enough of fusion power program plans, now we move on to nuclear dataneeds. For convenience and to minimize errors in transcription, I presentthe nuclear data requirements here in the same form in which they are
used by the Office of Fusion Energy. This statement of nuclear dataneeds is a periodically updated document which was initially developed,
primarily for the TNS project, at a workshop attended by representa-
tives from throughout the U.S. fusion power development community in
April 1976. It was updated in 1977, March 1978, and again two weeks
ago to incorporate the latest information from our most recent reactordesign studies, and to include requirements from all appropriateportions of the U.S. magnetic confinement fusion power program. Thusit is not a static document, but we do exercise restraint and minimizechanges in an attempt to avoid creating chaos in the nuclear datacommunity. I would expect the next major revision to occur (if itoccurs at all) when the ETF design begins to firm up. Other thanthat, the changes will probably be refinement, addition of detail,and differentiation of required data which is currently being workedon from that on which work needs to be initiated.
At this point, I refer you to the documented statement of U.S. MagneticFusion Power Program Nuclear Data Needs which is reproduced below. Itrust that it is complete, accurate and self-explanatory. If it isnot, I will welcome your comments and corrections.



Magnetic Fusion Energy ProgramNuclear Data NeedsDecember 1978 •
A. Priority I

1. Data for the Fusion Materials Development Program
a. Shielding Data for FMIT (fusion Materials Irradiation Test

Facility):
Information is needed by October 1979 to May 1980 to supportshielding design. The required information is total cross
section, angular dependent elastic scattering cross section,
and total nonelastic cross section data for selected energiesfrom 20 MeV to 50 MeV. The need for data is most acute forFe and 0, with less critical interest in Si, Ca and C. The
accuracy required is +_ 10-15%.
Due to the short time available for obtaining this data, most
of the needs must be met within the FMIT Project. Experimentshave already been performed at UC-Davis on total cross sectionsfor Fe and Ca at 35, 40 and 50 MeV and on "removal" cross sectionsfor Fe, 0, Ca and C at 40 and 50 MeV. More measurements areplanned by the FMIT Project, but complimentary efforts will bewelcomed. These activities should be coordinated directly with
the FMIT Project.
Somewhat longer term needs (i.e., by mid 1979 through1983) are also anticipated to allow retrofitting ofshielding or changing shield compositions to make theshielding more effective. High accuracy measurements( +_5%) are needed on a few of the materials specifiedabove, such as the total cross section measurements made
by the U.S. National Bureau of Standards, to validate and
calibrate theoretical cross sections and to corroboratenear term measurements being made at UC-Davis.

b. Dosimetry Data
Dosimetry reaction data is needed at selected energies inthe 1 MeV to 50 MeV range to support material irradiationsnow being conducted at UC-Davis as well as testing plannedto be done in the FMIT. The data is needed as soon as
possible to improve the accuracy of flux-spectral measure-ments and material damage rate calculations being performednow and by 1983 to support FMIT initial operation.
In formulating the dosimetry needs, the following criteriashould be used to guide the selection of materials and
reactions:
1) The half life of the reaction product should be reasonablylong; > 30 days for FMIT; > 2 days for UC-Davis.
2) The material should have several usable reaction products,if possible, to facilitate handling (especially cutting)and counting of samples.
3) Mono-isotopic elements are preferred since otherwise totalcross-sections are needed and are harder to measure orcalculate.
4) Reaction products should have easily detected activities(gamma preferred), except for He analysis materials.
5) Materials should be readily available, reasonably cheapand easily handled.



These criteria are not absolute, except for the first one,and do not have to be simultaneously satisfied by allmaterials. Although the dosimetry materials used for
initial characterization studies may not meet these
criteria, the materials used in routine dosimetryshould be more carefully chosen to produce themaximum amount of information with the least effort.
A brief summary of the most important materials andreactions is as follows:
1) Cobalt -- This material appears to satisfy allfive criteria for five distinct reactions spanningthe entire range of energies of interest to materialsdamage studies. The (n, p) reaction needs further

characterization above 14 MeV. Some calculationsand data are available for the (n, 2n) and (n, 3n)
reactions to 28 MeV, and nothing is known about the(n, 4n) reaction. High priority should be given
to developing these reactions in the 28 MeV to 50 MeV
range.

2) Gold — Only the (n, 2n) and (n, 3n) reactions have
sufficiently long half-lives. Data is needed above
28 MeV.

3) Iron — The 54Fe(n, p) Mn reaction has a long half-life, but is subject to signficant interference from
Fe. Hence, total production data from iron is requiredabove 14 MeV. Data is needed at all energies for the54Fe (n, a) 51Cr reaction.

4) Nickel — The (n, p) reactions on 58Ni and 60Ni both
need development above 14 MeV. The 58Ni (n, 3n) 56Ni
reaction also needs development.

Many other materials and reactions could be mentioned
including Zr, Y, Tm, Er, Ir, Ag, Nb, Al and Na, although
most do not meet the five criteria. Rare earths are difficult
to handle since organic binders may perturb the spectrum andmetal foils are expensive and somewhat unstable. Nevertheless,some redundance is required to reduce the errors involved in
spectral unfolding, especially during the initial characteri-
zation of FMIT. Thus we urge that as many reactions aspossible be developed. Also, since total He generation data
can be used for fluence-spectrum unfolding, He generation data
is required for all dosimetry materials.
It should be emphasized that the reaction cross sections
should be developed in an orderly, planned fashion. A
few well-planned measurements coupled with calculationsshould suffice to produce the required accuracies of
10-20% below 20 MeV and 20-40% at higher energies. Atpresent, some information is known about enough reactions
to produce the desired accuracy in the 2 MeV to 30 MeV
range for UC-Davis irradiations, as confirmed by integraltesting. However, more reactions with longer half-lives
are needed for FMIT and there is virtually no data above
28 MeV. As before, we encourage individuals working in
this area to coordinate their activities directly withthe FMIT Project.

c. FMIT Material Damage Calculations
Data defining the He and H generation rate, differential
angular cross section for elastic and nonelastic scattering
and the energy distribution of emitted particles is needed
for selected incident neutron energies from 15 MeV to
35 MeV for Fe, Ni, Cr, V, Ti, Nb, Cu and Sn. This data
will be used for FMIT material damage calculations. Accuracy
requirements for these reactions will range from 10 to 50%



and will be established by sensitivity studies yet to beperformed.
2. Data for the Next Generation of D-T Reactor Designs:

a. Neutron emission spectra data is needed as a function ofsecondary angle and energy for selected incident neutronenergies in the 9 MeV to 14 MeV range for the materialslisted below. This data is needed for shielding, activa-tion, and neutron transport calculations. The accuracy
required is +_ 10%.
Material Use
7 3Li H Breeding Material and Potential Coolant
C Blanket Structure
Ni Structure
Si Structure
Cu Electrical Conductor

11B Shield
Bte Structure
Or Structure
Pb Low Activation Shield

b. He and H production data is needed as a function ofselected incident neutron energies in the 9 MeV to14 MeV range for the materials listed below. This
data is needed for radiation damage calculations.The specific material uses are as specified in
A.2.a above. For accuracy required, see A.l.c above.

7 Li C Ni Si Cu
]1B Fe Cr Pb

3. Nuclear Physics Data — The following data is all needed by
the early 1980's to support operation of experimental devicesinitiating operation at that time or for design studies oflater experiments:
a. Cross-Sections for Near-Term Fuels

1) D-t — The accuracy of this cross section needs to be
improved for energies below 10 KeV. The desiredaccuracy is specified in Table II. (Note: The existing
National Bureau of Standards (NBS) program using theinverse reaction to measure the D-T cross-section.hassignificantly improved the accuracy of the low energyvalues.)

2) T-T -- Cross-section measurements are needed to assist inidentifying contributions to the continuum of backgroundneutrons, and to estimate tritium ion temperature. Thedesired accuracy is specified in Table II. (Note: TheDivision of Basic Energy Science will begin a program todo this measurement at LASL in FY 79. This program isexpected to be completed in the required time.)
3) Elastic Cross-Sections — Measurements are needed tocharacterize the interaction between superthermal alphasand D-T fuel up to a few MeV. This data is required tocalculate the heating of plasma fuel by the fusion product

alphas. The desired accuracy is specified in Table II.
(Note: No specific program is currently focused on thisneed. Effort to get this data will have to be initiatedin the next 2-3 years if the requirement is to be met.)



3. b. Cross Sections for Advanced Fuels -- An advanced fuel
is generally defined as everything other than 50-50 D-T.The operating temperatures for these fuels vary widely,
i.e., from 3MOO KeV to several hundred KeV. While thecross sections for the primary reactions are reasonablywell known, those of secondary reactions are not. There
are no specific programs directed toward these areas atthis time. The following data is needed:
1) Cross Sections -- The cross sections listed below areneeded in the energy range from several hundred KeV

to a few MeV. The desired accuracy is specified inTable II.
a) nB (p, n) ]1C d) 6Li(3He, p) 2a or 8Be

b) 1]B (a, p) 14C e) 6Li (6Li, X) Y

c) 1]B (a, n) 14N

2) Elastic Cross-Sections -- Elastic cross sections forthe interactions between the suprathermal productions from the reactions in A.S.b.l) above with the plasmafuel ions are needed in the energy range from several
hundred KeV to a few MeV. The desired accuracy isspecified in Table II.

c. Data Compilations -- Compilations of the types of data listedbelow are needed for the advanced fuels listed above, as well
as for DT and TT. The energy ranges for which data is neededare as stated above and the desired accuracy is specified inTable II. (Note: There is no program to accomplish this task
presently underway. This effort is needed in the early stagesof collecting the data requested above to avoid duplicationof efforts.)
1) 0 vs E
2) < av > VS T

B. Priority II
1. Data for D-T Fusion Engineering Prototype and Demonstration

Power Plant Designs:
a. Neutron emission spectra data is needed as a function of

secondary angle and energy for selected incident
neutron energies in the 9 MeV to 14 MeV range forthe materials listed below. This data is neededfor shielding, activation and neutron transport
calculations. The accuracy required is +_ 10%.

Material Use Material Use

Al Structure, Insulation Mo
Be Neutron Multiplier, Molten Salt Coolant N

Ti Structure V
Nb Coil Material, Refractory Structure F

W High Efficiency Shield
Sn Coil Material

10r

Structure, Refractory
Activation of Air
Refractory Structure
Molten Salt Coolant
Shield
Activation in Air or Water, Insulation



b. He and H production data is needed as a function of
selected incident neutron energies in the 9 MeV to
14 MeV range for the materials listed below. This datais needed for radiation damage calculations. The material
uses are as specified in B.I.a above. The accuracy required
is specified in A.l.c above.

Al Be Ti Nb W Sn
Mo N V F 10B 0

c. Data is needed to define the energy spectra of the chargedparticles resulting from (n, a) and (n, p) reactions for
14 MeV neutrons incident on the materials in items A.2.a,
A.2.b, B.I.a and B.l.b avove. This data is required forradiation damage studies. The desired accuracy is to bedetermined.

B. 1. d. Data is needed to describe the breeding reactions in
'Li and Th due to interactions with 11 MeV and 14 MeV
neutrons, and in ^Li due to interactions with 0.5 MeVto 5 MeV neutrons. The energy ranges specified above
were chosen to cover bands where the current data is
questioned and/or where the breeding cross sectionappears most significant. The desired accuracy is +. 10%.
The Th data is for use in potential hybrid design work.

e. Secondary gamma production cross sections are needed asa function of selected incident neutron energies in the
9 MeV to 14 MeV range for 10B, ''B, and Ti. The desiredaccuracy is +_ 10%. This data is used in blanket, shield
and magnet heat deposition calculations. (OFE understandsthat gamma production cross sections for the other materialsin items A.2.a, A.2.b, B.I.a, B.l.b, B.l.c and B.l.dabove are already known.)

TABLE I
Incident Neutron Desired Accuracy

Energy Range By Energy Group
(MeV) (%)

< 0.5 30 - 60
0 . 5 - 2 2 0 - 4 0

2 - 4 1 0 - 2 0
4 - 7 1 0 - 2 0
7 - 1 0 1 0 - 2 0

10 - 15 10 - 20
15 - 20 10 - 20
2 0 - 2 5 10 - 20
25 - 30 20 - 40

> 30 40 - 80

TABLE II

Absolute Accuracy +_ 30%

Relative Accuracy + 10%



INVITED PAPERS: SESSION A

NUCLEAR DATA REQUIREMENTS FOR FUSION REACTOR DESIGN



Nuclear Data Requirements for Fusion Reactor Design - AG-159/A1
Neutronics Design, Blanket Neutronics and Tritium Breeding Review Paper

G. Constantine
Atomic Energy Research Establishment, Harwell, U.K.

Abstract
The neutronics problems encountered in fusion reactor blanket design

are explored, with special reference to the tritium breeding requirement.
The sensitivity of this parameter to cross section uncertainties is then
considered and targets for accuracy requirements suggested against the
background of a standard deviation of ±2% in the calculated tritium
breeding. The role of integral assemblies and benchmark experiments in
helping to achieve this by data adjustment is discussed.

1. Introduction
Recent years have witnessed an explosion in the number of studies

carried out on a variety of types of fusion reactor blanket [1-6], each
with their own constraints imposed primarily by plasma engineering demands.
These demands broadly determine the disposition and composition of various
components, first wall, tritium breeding zone, shielding for magnet coils
and the coils themselves (if applicable) and biological shield. Many
reactor designs encompass restrictions in the form of stabilising coils,
insulators etc. close in to the plasma, penetrations for injectors,
divertors, pump lines and in the case of inertial confinement fusion
systems, pellet injection and laser/ion beam entry ports. Engineering and
heat transfer considerations dictate the physical form of the combined
tritium breeding/heat removal system, whether it be in the solid or liquid
phase, with liquid or gaseous cooling, contained within tubular, cellular
or annular structures. Materials limitations also exert a strong influence
on the evolution of a design.

The major part of the energy released from the DT reaction, the only
serious contender for fusion power generation, is invested in the neutron
produced and it is in calculating the effects of this that neutronics plays
its part in an interacting array of disciplines. Neutronics in the broad-
est sense covers the problems of neutron transport, the many types of
interaction with the various nuclides in the components of the reactor,
computation of neutron flux and energy spectrum distributions, reaction
rates including activation, transmutation, secondary neutron production and
gas formation, radiation damage and nuclear heating, not only that due to
short range atom recoil local to the neutron interaction but also genera-
tion of gamma rays and their subsequent transport and energy deposition.

In considering the topic of nuclear data requirements, it is
instructive to note briefly the three main areas in which neutronics has
been applied in the past:

(a) Fission Reactor Calculations
(b) Shielding Calculations
(c) Fusion Reactor Blanket Calculations.

Of these, (a) is basically an eigenvalue problem, historically the area in
which neutronics was developed; it encompasses the assessment of the
reactivity of a multiplying medium and prediction of its critical para-
meters as well as fundamental flux distributions. Areas (b) and (c) are
both source problems, in that the task is basically to calculate the
spatial, energy and occasionally temporal distribution of neutrons through
a physical assembly, arising from a known neutron source distribution.
They differ only in emphasis, the term "shielding calculations" implying
deep penetration, while a fusion reactor blanket calculation could be
styled a "shallow penetration" problem. Inevitably there is overlap
between (b) and (c). However, all three problem types differ in the
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accuracy they set out to achieve and the demands they make on calculation
methods and nuclear data. The task of calculating the critical size of a
fissile assembly is undoubtedly the most exacting, not only because it is
the most susceptible to verification but also because the consequences of
wrong prediction can be serious. Fission reactor calculations have there-
fore always been backed up by a strong programme not only in basic data
accumulation but also of experimental measurements in subcritical and zero
energy critical assemblies.

Shielding calculations pose a very different set of problems. Firstly
a much inferior order of accuracy is acceptable but because of the deep
penetration involving attenuation by many orders of magnitude, the results
are very sensitive to the cross section data used. The highly anisotropic
flux distributions through a shield lead to great emphasis on the need for
adequate representation of directional parameters both in the nuclear
scattering processes and in the calculational methods used.

Fusion reactor blanket calculations share aspects in common with the
other two areas. As in shielding, anisotropy effects play a large part
since the neutron source is asymmetrically placed with respect to the
reactor blanket. In a fission reactor biological shield, the small
fraction of neutrons in the "tail" of the fission spectrum, extending up
to ~20 MeV, exert a disproportionate influence due to their greater
penetrating power. The data needs for the fusion reactor, therefore, with
its 14 MeV source neutron energy, run in parallel with those of reactor
shielding, whereas for fission reactor calculations neutrons of greater
than say 5-8 MeV are of negligible significance. Of the many parameters
that need to be calculated in fusion reactor blanket neutronics, that of
the tritium breeding ratio stands out conspicuously above the rest in its
accuracy requirements, although not to the same degree as that demanded
for the reactivity parameter in fission reactor calculations.
2. Tritium Breeding Requirements

A self sustaining DT burning fusion reactor must breed tritium in the
blanket to replace that burnt, by a margin to cover losses, diversion into
inventory in an expanding power programme, and decay during the period
between formation and use while it is either immobilised in blanket
materials or forming part of the hold-up in separation plant. These
allowances are all subject to considerable uncertainty at this stage,
expressed directly as the uncertainty AB in the required breeding gain B.
In the absence of uncertainties a breeding ratio T (defined as the number
of tritium atoms produced per atom burnt) would just be sufficient to close
the breeding cycle if T = B + 1. To design a reactor with a closed
breeding cycle reliably we must aim at a breeding ratio higher than this
basic value by a margin which covers both AB and the possible shortfall AT
arising from the combined effects of nuclear data uncertainties on the
neutronics calculations and the approximations used in the calculations
themselves. Thus the aiming point for the tritium breeding ratio should be
given b y T = l + B + A B + AT. It is important to close the breeding cycle
with a high degree of confidence - the allowances AB and AT should be
adequate on this basis rather than representing one single standard
deviation. Gerstl et al. [7] discuss the implications of this and make
the point that to meet a design criterion such as an uncertainty AT in
tritium breeding ratio to a given confidence level, one must specify a
maximum allowable limit on the standard deviation in the calculated
breeding ratio, arising from cross section and calculation method
uncertainties. Since we are aiming at a safety margin corresponding to a
combined uncertainty AB + AT, to achieve that at the same confidence level
an upward relaxation in the calculated standard deviation in breeding ratio
is possible! At this stage in fusion reactor development, however, both
the breeding gain B required and the uncertainty AB in it are very ill-
defined. In this context the aim of achieving a 1% standard deviation in
T [8] probably appears over-optimistic. A figure of ±2% standard deviation
in tritium breeding ratio puts the nuclear data/neutronics calculations in
the position of being comfortably ahead at present, with some prospect that
it can be achieved. It is to be expected that AB will diminish in due
course as the specification of fusion reactor blanket systems tightens up.

Abdou [9] points out that the significance of uncertainties is very
system dependent; the tritium breeding ratio potential ranges from high in

.12.



lithium blankets and less for most lithium compounds down to marginal for
the molten salt "flibe" (Li2BeFi,) . uncertainty considerations could
prevent the last from breeding. A practical blanket will be designed to
have a tritium breeding ratio (Aß + AT) above that required, to give an
adequate safety margin. This could be as much as 10% depending on the
confidence level criterion chosen. If the blanket turned out exactly as
intended it would have a doubling time of ~150 days (assuming 10 Kg tritium
inventory, 5 Gw (th)). There would be a 50% chance of a breeding margin
greater than 10%. Even so the consequences of ending up with over produc-
tion of tritium are far less serious than with under-production. In any
case as Bachmann [10] emphasises, it is inconceivable that a fusion reactor
would be built without a means of reducing the breeding ratio incorporated.
Reduction of the lithium enrichment if appropriate, or substitution of a
few non-breeding cells or modules (see for instance reference [11]) at some
point when it becomes clear that the tritium inventory is increasing too
rapidly,are two out of a variety of possible measures.
3. Neutronics Design

This topic covers the whole area of neutronics calculations for the
fusion reactor and extensive surveys of methods have been carried out in
the recent past [12,13]. In generating a fully fledged design there are
two separate phases; firstly the scoping survey followed by the detailed
neutronics study. The purpose of scoping surveys is to investigate the
broad consequences of adopting a particular design philosophy and to
examine effects of choice of materials, dimensions of first wall, breeding
blanket, reflector and shield components, structure fraction, lithium
enrichment, etc. Once the choice has been narrowed down on a mix of
criteria such as tritium breeding, radiation damage limitations, activation
etc. together with those imposed by other disciplines, such as plasma
physics, engineering, heat transfer, maintainability, chemistry, resource '
limitations, etc., the more detailed study can proceed. The toroidal
geometry encountered in most fusion reactor designs is difficult to model
neutronically but a cylindrical approximation is usually considered
adequate for scoping studies. Complex blanket structures can be represented
by homogeneous approximations. Although the parameters of interest
emerging from the survey may be in error on account of these approximations,
it is still important to use the best available nuclear data so that
relative values resulting from changes in materials will be valid.

Computational methods for survey calculations have for the most part
been based on the Carlson Sn method [14] employed in the form of one-
dimensional discrete ordinates codes such as ANISN [15] and DTF-IV [16].
Monte Carlo has its advocates on the grounds of computational cost even in
1-D scoping and optimisation surveys [17], However, in studying the
influence of small changes in blanket configuration, Monte Carlo is at a
disadvantage because of the steeply rising cost of improving the statistic-
al errors on the results.

In making a full neutronics assessment of a practical reactor blanket
following the scoping survey stage, three major effects must be considered:

1. The toroidal geometry
2. The presence of penetrations through the blanket and shield.
3. The departure from a homogeneous representation of the blanket by

its sub-division into modular form.
It is not in general practicable to do other than tackle all these problems
independently.
(a) Toroidal Geometry

A number of workers have investigated the shortcomings of the
cylindrical approximation to the toroid in respect of poloidal variation
in wall loading [18,19] primary neutron flux [20] and spectra [21], gas
production and displacement [19] and tritium breeding [22]. Various
computational methods have been devised to tackle this specific problem
including the possibility of utilising existing Sn codes [23], 2-D neutron
transport codes with triangular meshes such as TRIDENT [24], Monte Carlo
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[21], MCN [25] and an ingenious solution by Verschuur [26] involving
calculations of differential neutron albedos by 1-D Sn code, followed by
use of these in an iterative solution of the multiply reflected neutron
fluxes within the torus.
(b) Penetrations

Essentially penetrations through the blanket/shield constitute more of
a problem in shielding than in tritium breeding and they are routinely
tackled by Monte Carlo methods [27,28] or 2-D discrete ordinates calcula-
tions [29]. In the latter reference Takahiro et al. calculate a 1.3% drop
in tritium breeding for 12 injector ports 1m in diameter in their Tokamak
reactor design, demonstrating that this is a non-negligible problem.
(c) Blanket inhomogeneities

The departure of practical blanket structures from a homogeneous so-
called "onion skin" model comprising unbroken layers of first wall,
breeding zone, reflector and shield has been the subject of several
investigations, mostly by Monte Carlo methods [30,31]. The two-dimensional
discrete ordinates code DOT [32] has been used as well in the FINTOR-D
design. The approximations made in adapting this to the X-Y geometry of
DOT led to unacceptably high differences (~23%) in tritium breeding ratio
in the comparison with MORSE [33] calculations, once again emphasising the
importance of adequate geometry description.
4. Data Requirements for Neutronics Codes

The many codes in existence for carrying out both scoping surveys and
detailed design, either by 1 or 2 dimensional discrete ordinates or Monte
Carlo methods, need as part of their input the neutronic data in appropriate
form. This is derived from the basic nuclear data available in libraries
such as UKNDL [34], ENDF/B [35] and ENDL [36]. The codes in general
require the neutronic data in a different format (e.g. cross sections in a
groupwise structure) from the basic data libraries. A host of processing
codes including MINX [37], SUPERTOG [38], AMPX [39] has been•developed to
service the needs for neutron and gamma transport calculations, reaction
rates including activation, transmutation, radiation damage and nuclear
heating. The importance of these and the way in which they are used cannot
be over-stressed, especially where simplifications are being made, for
instance in minimising the order of quadrature or reducing the number of
groups in a multi-group calculation for the sake of cost. In a shield
calculation the former can introduce large errors because the highly aniso-
tropic flux distribution is inadequately modelled. A fusion reactor blanket
is a less stringent environment in this respect and PS Legendre expansion
with SB or SIB quadrature is usually sufficient. Group structure require-
ments are more demanding, however, particularly for tritium breeding, and
Evangelides and Lindstrom's account [40] is informative. They collapsed
the DLC-2 100 group library to a 15 group set and found gross tritium
breeding under-prediction with combinations of 1/E and either fission or
fusion weighting. Agreement was improved to <2% when the 15 group
structure was re-cast to give more groups when the breeding contribution
was high, retaining a fusion + 1/E weighting. The best agreement was
obtained using a many group diffusion or PI calculation to provide space-
dependent flux weighting for condensing to the few group data.

The problem of structure in cross sections that is finer than the
energy group structure in the calculations is a familiar one in neutronics.
Resonance self shielding effects and even steeply varying threshold reac-
tion cross sections give rise to appreciable errors. Ostrow and Goldstein
[41] discuss the application of a discrete energy version of the Sn code
ANISN, known as MOMANS [42] to such problems. This is capable of rapid
calculation of neutron transport in finely detailed energy grids. They
instance the problem of the near Gaussian energy distribution due to
thermal broadening of the nominal 14 MeV neutrons from the DT reaction.
The 27Al(n,2n) reaction which is of significance to neutron multiplication
and tritium breeding in some reactor designs, has a threshold at 13.5 MeV
and in a MOMANS discrete energy Sn treatment exhibits a 40% drop in reaction
rate relative to a multigroup Sn calculation. Complex resonance structure
in materials such as iron and niobium pose a serious challenge. The latter
material is discussed in Section 7.
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It is clear that great care is needed in vetting the methods and
approximations used in carrying out neutronics calculations. Experience
with collaborative programmes involving benchmark calculations by several
laboratories (for example Steiner [43]) has shown that large discrepancies
can occur, even using the same basic nuclear data. Further progress needs
to be made in this department before the requirements can be met for CTR
blanket design, particularly in respect of tritium breeding.
5. Basic Nuclear Data Requirements

The nuclear data base for neutronics calculations has been pains-
takingly assembled over a period of many years from cross section measure-
ments by many workers, evaluated and cross checked by exposure to
comparison between measurements and calculations of integral assemblies.
That for CTR applications has grown by extension of the data bases for
fission reactors and their shielding requirements, by inclusion of
appropriate materials over the relevant energy range. Fortunately the CTR
data base is much more advanced than that for fission reactors at an
equivalent stage of their development.

The main requirements at present are to improve the accuracy of much
of the basic nuclear data for fusion reactors in respect of materials in
the blanket and shield. Table I below gives the range of data of relevance
to calculations of the basic neutronics of the blanket, including neutron
flux and spectra and tritium production distributions. Other effects, e.g.
gamma production, nuclear heating, radiation damage etc. are the subjects
of later papers at this meeting.

Table I. Nuclear data of importance to tritium breeding calculations

Component

Structure

Breeder

Neutron
Multipliers

Moderators
and Reflectors
Spectrum
Shifters

Candidate Materials

Refractory materials/alloys)
Nb, V, Mo, Ti. Steels Fe )
Ni Cr Al )

6, . 7, .Li Li
Be, F in flibe Li2BeF4ceramic compounds (solid)
blankets Li20, Li2C2Aluminium compounds LiAl,
Li2Al204

Be, Pb )
)

C, Steel )
)

C, Si (D,T in inertial
confinement)

Reactions

Neutron absorb-
ing reactions )
elastic and )
inelastic )
scattering, )
(n2n) )
5_Li(npi)t )
Li (n, n'a) t )
absorption, )
(n;2n) and )
elastic and )
inelastic )
scattering )
(n,2n)
inelastic and
elastic
scattering,
neutron
absorption

Remarks

Secondary
neutron
spectra and
angular
dependence

Secondary
neutron
spectra
and angular
dependence

Secondary
neutron
spectra and
angular
dependence

6. Data Uncertainty Effects
The assessment of accuracy requirements in basic nuclear data has come

to the fore over the past 3-5 years following a period in which a large
variety of fusion reactor blanket studies were carried out. Techniques
have evolved for the quantitative estimation of effects of data uncertain-
ties on parameters of interest, in particular the tritium breeding.
Bartine et al. [44] have calculated the changes in breeding ratio due to
changes over specific energy ranges of various partial cross sections of
6Li, 7Li, Nb and C in the standard benchmark configuration devised by
Steiner [43] comprising a graphite reflected, liquid lithium breeding
blanket with 6% niobium structure, with a niobium first wall. Their method
used linear perturbation theory and employed forward and adjoint transport
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calculations, performed with the one-dimensional discrete-ordinates code
ANISN [15] using PsSia. The perturbation calculations were carried out with
the code SWANLAJCE [45] . This calculates the percentage changes in para-
meters of interest such as tritium breeding in the lithium isotopes over
specific regions of the blanket for a given percentage change in any given
specified cross section over the whole or parts of the complete energy
spectrum. Sensitivity of the tritium breeding to variations in the follow-
ing cross sections were reported:- Z total collision, S(nj), Z elastic and
Z(nX)Y for 6Li, 7Li, Mb and C, Z(n2n ) for £Li, 7Li and Mb, ZCnj>) for 6Li
and No and the tritium breeding reactions fiLi{npt)t and 'Li(nn'ot)t. Table
II gives a brief summary of the total breeding sensitivity to these cross
sections.

Table II. Sensitivity of total breeding to changes in cross sections
in the Steiner [43] blanket, reported by Bartine et al. [44]

1 r5R6Li + ORR l iSC -̂ i) «here 6fi
*Li and
ratio R.

. sLi and 6R 7Li are the changes in the
7Li coBponents of the total breeding
ÔC is the fractional change in the

relevant cross section over the complete energy

Cross Section
Ztotal collision
Z(nY)Zelastic
Z(nn')Y
Z(n2n«)
Z(np)
Z(na)t
Z(nn'a)t

range.
6U

1.23xlO~*
-1.79xlO~5
-7.22x10';*
-1.38x10
7.0xlO~4
-1.22xlO~3
1.45X10"1

—

7U Nb C
1.27x10'* -2.0X10'1 6.31x10"̂
-9.02xlO~r, -1.12X10'1 -4.96xlO ;
-7.51x10 ̂  -3.5x10 , 6.49x10",
-1.70x10"̂  -9.2xlO~ 3.08xlO~3
5.5xlO~̂  1. 52x10'̂

-5.4xlO'3_ _ _
2.23X10'1

Table III
Comparison of Results Obtained from Perturbation Calculations and Discrete

Ordinales Calculations with Perturbed Cross Sections

Element
Perturbed

Nb
Nb
Nb
Nb

TLi
'Li

•Li

•Li

Cross-Section
Type Perturbed

£(.,.•)
2(..»0

£,,.„,,
2(..2,')

£(„_.,,„,,

£(...')<.,/

^U./)o

6C
X100%

25 at all energies
-25 at all energies
25 at all energies

-25 at all energies
20 at all energies

-20 at all energies
( 3 for B s 0.01 MeV )
\ 5 for 0.01 <E*2 MeV>
(10 for 2 < £ £ 14.9 MeV)
( -3 for E s 0.01 MeV )
\ -5 for 0.01 £££^MeV>
(-10 for 2 £ E s 14.9 MeV)

Perturbation Calculation

X100%

-0.28
0.28
2.07

-2.07
-0.26
0.26

0.49

-0.49

XlOO%

-2.03
2.03

-1.69
1.69
4.72

-4.72

0.00

0.00

6«
TT

xlOO%

-2.31
2.31
0.38

-0.38
4.46

-4.46

0.49

-0.49

Discrete Ordinales
Calculation (Ref. 47)

xlOO%

-0.23
0.24
2.09

-2.23
-0.21
0.21

0.49

-0.51

TT81

X100%

-1.92
2.13

-1.63
1.74
4.31

-4.94

-0.01

0.01

6A
T

X100%

-2.15
2.37
0.46

-0.49

4.10
-4.73

0.48

-0.50

Perturbation methods are rapid and can give far more detail than that
given here, including the variation in sensitivity to cross section changes
across the neutron energy spectrum. These sensitivity profiles, of which
Fig. 1 shows an example, are invaluable for assessing the areas in which
improvements in cross section data should be sought. Doubt attaches to
perturbation results in the case of large cross section disturbances. In
a study of the same system by Steiner and Tobias [46,47] the sensitivity
of the breeding ratio was evaluated by altering reference cross section
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sets to reflect their estimated uncertainties. The XLACS code [48] was
used to process the ENDF/B-3 data or its modified values into the form
required for a discrete ordinates PaSi, calculation by XSDRN [49] in 100
groups. Both positive and negative changes were made to the cross sections.
In the case of the 6Li (npt)t reaction the changes were energy dependent
since the cross section is known with greater precision at lower energies.
Table III shows the comparison with the perturbation results of Bartine et
al. The agreement between them, even for appreciable cross section
changes effectively validates the use of perturbation theory.

Alsmiller et al. [50] have extended perturbation theory to an inter-
comparison of various reactor designs and show that the sensitivities are
very system dependent. The differences between sensitivities of the
tritium breeding to changes in Li partial cross sections for two markedly
differing concepts are shown in Table IV. The first is the ORNL concept
proposed by Fraas [51] employing natural lithium metal as the breeder with
either niobium or vanadium structure; the second is the LASL design, the
Reference Theta Pinch Reactor [52] (RTPR) which is of the "thermal" type.
Reliance is placed on (n,2n)neutron multiplication in a beryllium region
close to the first wall, followed by a graphite moderator and enriched
6Li, which utilises the neutrons at low energy. 7Li is present in the
natural lithium coolant but to a much lesser extent than in the ORNL design.
This is seen in the much reduced sensitivity of the breeding ratio in the
LASL concept to 7Li cross section changes.

Table IV
Percent Change 1n Breeding Ratio Due to a 1% Increaseat All Energies 1n the Indicated Partial

Cross Sections of 7L1

7L1
Cross-Section

Type

'(,,)..*

''ABSORPTION

ELASTIC

1 INELASTIC

Z(n,2n)

TOTAL
COLLISION

Breeding
Material

i

Hi
7L1

HI + 7L1
6L1
7L1

6L1 + 7L1
6L1
7L1

«LI + 7L1

Hi
7L1

HI + 7L1

Hi
7L1

Hi + 7L1

H1
7L1

Hi * 7L1

SR,
-£"• 1n Percent

(n — O J. D Ï
\n "6|f T ^Lf*

ORNL
Design
with Nb

1.7 x 10"2

2.8 x Ifl-l
3.0 x lO'l

-5.9 x 10"3

-3.4 x 10'3
-9.3 x 10'3

1.8 x 10"2

-1.8 x 10"2

0.0

4.3 x ID"3

-1.1 X 10'2

-6.7 x 10'3

3.7 x 10"2
-1.9 x 10'2
1.8 x 10'2

7.0 x 10'2
2.3 x 10-»
3.0 x ID'1

ORNL
Design
with V

2.2 x lO'2
2.7 x lfl-1
2.9 x ID'1

-6.0 x 10"3

-3.4 x ID"3

-9.4 x 10"3

2.9 x 10'2
-1.9 x 10"2

1.0 x 10-2

5.5 x 10'3
-1.1 x 10'2

-5.5 x 10"'

3.9 x 10'2
-1.9 x 10'2
2.0 x 10~2

9.0 x 10"2

2.2 « 10-'
3.1 x 10-1

LASL
Design

3.1 x 10'3
1.2 x 10-1
1.2 x lO'i

-2.3 x 10"3

-2.8 x 10'"
-2.6 x 10'3

6.4 x 10'3
2.4 x 10-»
6.6 x 10"3

1 .3 x 10'3
-3.9 x 10'»
-6.5 x 10"3

1 .1 x 10"2
-1 .6 x 10"3
9.4 x 10'3

2.0 x 10"2
1.1 « lo-i
1.3 x 10"!

In a later paper [53] Alsmiller et al extend their cross section
sensitivity analysis to include the Princeton Plasma Physics Laboratory
(PPPL1 reference fusion power plant [54] based on flibe as the breeder
and a broader range of materials. They compute breeding sensitivity pro-files for the tritium producing reactions in °Li and 'Li, E elastic for
carbon, E (n,2n') for beryllium and identical changes in all the partial
cross sections for fluorine and calculate the changes in breeding shown in
Table VI resulting from the modifications to the cross sections given in
Table V. In Table V, if a total cross section is specified in column 5, it
is increased in accordance with the increases specified in the previous
columns. If a partial cross section is specified, it is decreased in line
with increases in the previous columns to retain a constant total cross
section.
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7. Data Uncertainties in Specific Materials
7.1 Niobium

The contribution of niobium data uncertainties to tritium breeding
errors has been dealt with by Steiner [46][47], who used the Nordheim [55]
method in his treatment of self-shielding in the niobium capture resonances.
Gerstl and Henryson [56] employed the MC -2 (57) code to generate group
dependent self-shielding factors for niobium for use with the 100-group
DLC-2D cross section set based on ENDF/B-III in ANISN (S8P3) calculations
for assessment of the RTPR. This was used to carry out P , homogeneous,
2081-group fundamental mode calculations to give spectrum weighting for the
shielded cross sections in the 100 group structure, varying the relative
concentrations of the other constituents (̂ Li, ^Li, C, 0, Al, Be) in the

Table V

Cross-Section Uncertainties Assumed for Various Partial Cross Sections

Element
eu

7Li
Ç

Be

F

Cross-Section
Type Varied

Z(>I./)0

Z(n.»')a./

^elastic

r(n,2n<)

All partial
cross sections

Energy Range
(MeV)

<1 x 10~7

1(T7 - ID"2

10"* - 10"1

10"1 - 3 x 1CT1

3 x 10"1 - 5 x 10"1

5 x KT1 - 7 x KT1

7 x HT1 - 1 x 10°
1 x 10° - 1.7 x 10°
1.7 x 10° - 1.4 x 101

All energies
<4.8

4.8 - 9.0
9.0 - 15

1.85 - 6.4
6.4 - 14

All energies

Percent Increase
in Varied

Cross Section
6C

0.5 \
1.0 /

1.0 - 2.0b

5.0
5.0 - 10b

10 - 15
15

15 - 10b

10

20
3.0
5.0 \

15 /

10 b \10 - 15b /

20

Cross-Section
Type Varied to
Compensate*

£ total collision

^elastic

^elastic

E total collision

^inelastic

S elastic

^ total collision

aSee discussion in text.
b Linear interpolation was used between the values shown.

Table VI

Breeding-Ratio Uncertainties Due to the Cross-Section
Variations Shown in Table IV

Element

6L1

7L1

C

Be

F

Breeding
Material

6Li
6Li and 7Li

"Li
7Li

*Li and 7Li
6Li
7Li

6Li and 7Li
«Li
7L1

*Li and 7Li
6Li
7Li

8Li and 7Li

SRf/R (%)

ORNL
Design
with Nb

0.14
-0.01
0.13

0.26
5.60
5.86

ORNL
Design
with V

0.07
-0.01
0.06
0.35
5.56
5.91

LASL
Design

0.19
0.00
0.19

0.02
2.42
2.44

-0.82
«.24

-0.58

2.51
-0.18
2.33

PPPL
Design

0.07
-0.04
0.03

0.00
1.95
1.95

1.33
-0.10
1.23

-1.02
-1.28
-2.30

18



mixture to represent various zones in the RTPR blanket. They found consid-
erable spatial dependence of the self-shielded cross sections through the
blanket and estimated a 10% enhancement in tritium breeding relative to the
calculation carried out with infinite dilution cross section values. In-
vestigations by Soràn and Dudziak [58] who applied the Bondarenko formalism
[59] showed that their treatment of the niobium resonances gave an increase
of 7% in tritium breeding compared with unshielded cross sections for the
TRPR. Clearly, choice of treatment of resonance self-shielding plays an
important part in neutronics calculations, irrespective of uncertainties in
the data.

Table III shows that niobium- (nn1) and (n2n) data uncertainties can
contribute considerably to tritium breeding errors in the Steiner model
blanket, particularly the former; the (n̂ n), due to partial cancellation of
the breeding changes in ^Li and 'Li, less so. This may well not be true to
the same extent in other blanket designs. In a later treatment [46] Steiner
and Tobias vary the (n2n) cross section together with the (nji*) in such a
way that the total inelastic cross section remains unchanged. Under these
circumstances a much greater sensitivity to the (n,2n) cross section is noted
(a change of -2.43% in T instead of -0.49% for a 25% reduction in cr(n,2n)).
This is due predominantly to a large change in T6 caused by the loss in
neutron multiplication, opposed by a rather small increase in T7. This
arises because the (nn1) reaction (which is increased) degrades the neutron
spectrum less than the (n2n). Secondary neutrons from the (n2n) reaction
(threshold ~9MeV), although more numerous by a factor 2, are very much less
effective in exciting the -7Li(nn'a)t reaction, most of them falling complete-
ly below the reaction threshold. The effects of data uncertainties in total
inelastic and (nn') and (n,2n) cross sections are obviously interlinked and
an assessment of the requirements should take account of their interaction.*

* The problem of correlated cross sections and their uncertainties is dealt
with in a more quantitative manner in the covariance formulation discussed
by Gerstl et al [7] . In this they use first order perturbation theory to
define a sensitivity profile Pj. where P£. ~̂ £i- quantifies the relative
change in a reaction rate R as a result or modifying the cross section Zi
in the i^ energy group by AEi. Gerstl et al define a covariance matrix
Cov(Ii,Ej), the elements of which link the cross section uncertainties in
the ith and jtn energy groups. The diagonal elements Cov(Zi,Ei) are the
usual uncorrelated cross section uncertainties expressed as the variance of

Cov(Zi,Ii) = Var(Zi) = E{<5Ei2} = AZi2 (1)
The off -diagonal terms indicatecorrelations between the cross sections

Zi and Zj . Thus the variance of the total reaction rate is given by
AR 2 Cov(Ei,Ej)
(JT> = * PZiPZi ——————— (2)R ij Ll LJ ZiEj

If the cross section uncertainties in all groups are uncorrelated, the
variance of the total reaction rate will be at a minimum, given by:

= Z (P. (3)
R i LlZi

while if they are fully correlated, as for example in the case where "the cross
section shape is known well, but the normalisation is in doubt, the variancereaches a maximum value of:-

,AR.2 ,„ ,_ AEi. .2(rj = (? (pzrr° > wK l il

Although the energy group covariances have been listed for a number of
reactions [7] the problems of assigning correlations between separate reaction
cross sections for a given element or isotope have not been addressed, much
less the question of correlations between uncertainties for different elements
that could arise for example through use of common standards or measuring
techniques«
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7.2 Lithium-6
Table III shows that the influence of the Li(n,n a)t reaction cross

section uncertainty is small. This is to be expected since the cross
section is small in the high energy region where there are a lot of thresh-
old . reactions in other materials (including 7Li) in competition. The 6Li
breeding reaction is essentially 1/V below 0.3MeV and absorbs a high frac-
tion of the available neutrons below the MeV region, and any variation in
cross section does not materially alter this fact. Downscattering offers
no competition to the 6Li(not)t reaction because the scattered neutrons
remain available to it. In addition the cross section is well known
because of its use as a standard.
7.3 Lithium-7

Since tritium breeding in Li is accomplished via the threshold
reaction 7Li(nn'a)t, in a fusion reactor spectrum it finds itself in compe-
tition 'with other high energy neutron absorbing reactions and elastic
scattering, (n,2n) and (ici1) reactions. Table III shows that the breeding
in 7Li is a very strong function of the reaction cross section uncertainty
in the Steiner benchmark blanket. To aim for a tritium breeding ratio un-
certainty (standard deviation) of 2% due to this cause alone would demand an
accuracy of ±9% in the cross section. This must be reduced considerably to
achieve a given tritium breeding ratio to an accuracy of 2% against a back-
ground of uncertainties due to other causes. These will be uncertainties
for other materials - Table IV shows that the uncertainties in other reac-
tions in 7Li do not affect breeding to any great extent. The request for
5% accuracy in WRENDA 76/77[60] will barely meet this criterion. It can
also be seen in Table IV that for "thermal" reactor concepts where tritium
breeding in 7Li is subdued in favour of neutron multiplication in beryllium
[61] or lead [62] [63] the need for such accuracy in the 7Li(n,n'a)t cross
section is reduced. It is of course replaced by the need for accurate
beryllium or lead (n,2n) data.
7.4 Carbon Cross Section Data

Table VI (from Alsmiller et al [53] shows that in the "thermal" design
the graphite elastic cross section gives opposing effects in the ^Li and 'Li
breeding components, leaving a net effect of 0.58% change in total breeding
sensitivity to the cross section changes set out in Table V. More detailed
consideration of the shape of the sensitivity profile is necessary to make
quantitative recommendations on the required accuracy improvements across
the spectrum. An additional concern at high energy is the C(n,n'3ot)
reaction, which gives rise to tritium breeding uncertainty on account of
uncertainties in both the cross section and secondary neutron parameters.
7.5 Beryllium (n,2n) Reaction Data

The two beryllium-containing designs examined by Alsmiller et al show
basically similar behaviour in that the *>Li (npt)t reaction rate is the more
sensitive to changes in Be(n>2n) cross section, the ?Li tritium breeding ratioshowing a negative correlation due to the fact that the reactions are in
competition with each other for neutrons of high energy. The effect is small
in Alsmiller1s analysis because as the (n?2n) cross section is increased, theelastic cross section is decreased. Once again in making a realistic
appraisal of the sensitivity profiles one should critically examine the
effects of the restriction indicated in Table V that the beryllium total
cross section should remain constant. (See footnote on previous page)
7.6 Lead (n,2n) and (nn1) data

Lead has been used in conceptual design studies by Gulf Atomic [62] and
a Harwell/Culham study of a Reverse Field Pinch Reactor [63] though no data
uncertainty assessments were made in either case. Lead shows considerable
promise for neutron multiplication in DT fusion reactors on account of its
high (n,2n) cross section which can lead to a thin blanket of the "thermal"
type. The high reaction threshold energy of ~7MeV precludes further multi-
plication by the secondary neutrons by the same reaction starting from an
initial reaction with a 14MeV neutron, but they are still efficient at
promoting the 7Li(njila)t reaction. There is therefore a need to keep under
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Table VII
Comparison of the Tritium Breeding Ratio, Neutron Multiplication, and

Parasitic Reaction Rate for Niobium, Type 304 Stainless-Steel, and
Nimonic-105 Structures

Tritium breeding ratio
A6Li

«'Li
Ra

Neutron multiplication
Parasitic reaction rate

Type 304
Stainless Steel

0.600
0.927
1.53

0.0277
0.0305

Niobium

0.598
0.920
1.52

0.0498
0.0691

Nimonic-105

0.605
0.858
1.46

0.0176

0.0881

"A = A6Li + A7Li = total breeding ratio.

review not only the (n̂ 2n) and the competing (nn!) react-ion cross sections
but also their secondary neutron energy and angular distributions.
7.7 Fluorine Data

In the PPPL flibe design [54] the fluorine cross section uncertainty
shows a large negative influence on both 6Li and 7Li tritium breeding. To
force the uncertainty in total tritium breeding to the 2% level (one
standard deviation) would require ~17% accuracy in the total collision cross
section, assuming that all the contributing partial cross sections were
positively correlated across the whole spectrum. A more realistic figure of
~10% is necessary to ensure that the overall net standard deviation in
tritium breeding due to this and other uncertainties falls within our
specification.
7.8 Structural Materials

Various authors have carried out comparative studies of the nuclear
performance of different structural materials in breeding blankets, includ-
ing tritium breeding, neutron absorption and multiplication. Steiner [64]
intercompares vanadium and niobium, Williams et al [65] niobium, nimonic-105
and type 304 stainless steel, while Cheng and Conn [66] report on tritium
breediig with stainless steel, niobium, molybdenum, vanadium and aluminium in
the UWMAK I blanket. Cross section uncertainties are not considered but it
is possible to observe a meaningful correlation between tritium breeding
ratio and neutron multiplication via (n,2n) reaction and parasitic reaction
rate in the structural materials in Table VII, reproduced from reference 65.
Here the net absorption rate, comprising the difference between the parasitic
absorption rate in the components of the structural material (the sum of the
(n»P)>(n»OU and (n,Y) reactions) and the multiplication rate via the (n,2n)
reactions are directly correlated with the tritium breeding ratio,R. It can
be seen that R+ parasitic reaction rate - neutron multiplication ~1.53 for
each material. The main differences are felt in tritium breeding from'Li.
More detailed scrutiny of the contributions of the individual reactions
will lead to estimates of improvements in cross section uncertainties
required to reduce the uncertainty in tritium breeding. Although these
will of course be composition dependent and therefore specific to a particu-
lar material choice and design, in carrying out a scoping survey, comparison
between materials for tritium breeding ratio is only meaningful if the data
uncertainties lead to the required minimum imprecision. Two points should
be made:-

(i) The natural lithium/graphite blanket model described by
Williams et al [65] has a very low structure fraction, of the
order 2% overall. A more realistic structure fraction, while
still giving an adequate tritium breeding ratio, will increase
the parasitic absorption and neutron multiplication and con-
sequently also the differences in tritium breeding between
materials as a result of cross section uncertainties.
(ii) Uncertainties need to be reduced on the basis of the error
in tritium breeding they lead to. Thus a lower percentage error
should be sought in a large cross section. As before, the
sensitivity profile gives a measure of the energy regions in
which improvements are most profitable.
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7.9 Spectrum Shifters
The term spectrum shifter is normally applied to a layer of material

located between the front wall and the plasma, whose purpose is to prolong
the life of the first wall by bearing the brunt of the charged particle and
soft X-ray flux and soften the neutron energy spectrum. The ISSEC (Internal
Spectral Shifter and Energy Converters) [67] concept achieves a tritium
breeding ratio in excess of unity in spite of the soft spectrum it induces
by including either beryllium- or lithium-containing materials within the
ISSEC itself. Apart from silicon (in the form of SiC) all the other candi-
date materials for issecs have already been considered above.

An analogous effect on neutron spectra is noted for inertial confine-
ment fusion, in that neutron moderation by elastic scattering and some
multiplication via (n,2n) reactions on D and T can take place in the com-
pressed pellet during the burn phase. Although this may prove a useful
bootstrapping effect in complementing the alpha particle heating, it has
been shown that considerable changes will occur in the neutron spectrum
incident on the first wall [68]. The effects of these on tritium breeding
and neutron heating have been considered by Beynon and Bryant [69] for a
variety of breeding and structural materials. For a typical pellet size,
the spectrum softening led in the worst case of a lA-jf\)2 blanket to a 4.3%
drop in tritium breeding ratio. The great majority of the neutrons suffer
at most only a single interaction in the pellet, so an uncertainty in the
elastic and (n2n) cross sections for D and T of 20%, even if they were all
correlated would lead to a tritium breeding uncertainty below 1%.
8. Secondary Neutron Uncertainties

The problem of secondary neutron generation is a prominent one in fusion
reactor neutronics because the high energy of the source neutrons makes
(n,2n) and (n,n'xy) reactions energetically possible. The influence of the
nuclear data describing the energy spectrum and to a lesser extent the angular
correlation of the emerging neutrons is considerable on such parameters as
the tritium breeding in 'Li. The secondary neutron spectrum also determines
the possibility of further (n,2n) and (n,nxy) reactions etc. The sensitivity
analysis methods developed for examining the effect of cross section un-
certainties on fusion reactor parameters have been extended by Gerstl [70]
to include sensitivity profiles for secondary energy and angular distributions.
He makes the point that these data are much less well known that the cross
sections for secondary neutron production and the resulting uncertainties in
tritium breeding could be correspondingly greater. So far there are no well
formatted error files for secondary distributions. In addition to the
secondary neutron energy and angular distributions, both of them double
differential,the correlation between energy and angle would be highly
desirable in the long term. It is clearly not possible to consider the
effects of data uncertainties in such a scheme before it exists, and our
quantitative appreciation of the influence of secondary neutron effects is
limited to comparing data library treatments or making arbitrary changes in
distribution temperature in evaporation models, etc.
8.1 Secondary Neutrons from the Li(n,n'cQt Reaction

Steiner [46] [71] discusses the effect of the assumptions in the evapora-
tion model used for the secondary neutron energy distribution. In this
0(E) is the nuclear temperature expressed as a function of E, the incident
neutron energy. He perturbs Q(E) by ±50%, the increased value yielding a
harder secondary spectrum. The most significant effect is that the fraction
of the tritium breeding in Li contributed by secondary neutrons from that
reaction varies markedly, from 0.18 with the hard spectrum, 0.15 in the
reference case and 0.09 in the softened spectrum with the low value of 0(E).
The differences between data sets has been investigated by Markovskii et al
[72] who have carried out studies on the ETRT reactor (which is basically
similar to Steiner's) using UKNDL [34] and ENDF/B - III [35]. They found
that the difference in secondary neutron spectrum was responsible for a 7%
difference in tritium breeding ratio. The probabilities of inducing a
second tritium breeding reaction in 7Li by neutrons generated by a first
event at 14MeV are respectively 0.36 and 0.44 for UKNDL and ENDF/B - III.
Markovskii et al varied the hardness of the ENDF/B evaporation spectrum by
multiplying the distribution temperature by a coefficient K . The depend-
ence of the tritium breeding ratio on K is shown in Fig. 2Ï
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8.2 Beryllium Secondary Neutron Energy and Angular Distributions
The "thermal" reactor blankets and those containing flibe make use of

beryllium as a neutron multiplier. Not only the actual (n2n) cross section
but also the energy and angular dependence of the emergent neutrons play a
large part in determining the tritium breeding. Since beryllium exhibits a
threshold energy of 2.8MeV the secondary neutrons from the Be(n,2n) reaction
caused by a 14MeV neutron have enough energy to be able to repeat the inter-
action with another beryllium nucleus. In the case of flibe the secondary
neutrons may alternatively have the opportunity to undergo the Li(nn'a)t
threshold reaction. That the enhancement in neutron availability and hence
tritium breeding are very sensitive to the energy spectrum is demonstrated
by Soran et al [73] in their intercomparison of ENDF/B - II and - III data
in analysing the Reference Theta Pinch Reactor. The mean energy of second-
ary neutrons is ~3MeV lower in the latter data set (~4MeV cf ~7MeV). While
the relevant processing codes gave the same integral cross sections from the
two sets, DTP-IV [16] transport calculations on RTPR gave a 6% reduction in
tritium breeding with the ENDF/B - III derived data. This is due to three
effects:-

(i) reduction in number of Li(nn'a)t reactions induced by the
secondary neutrons
(ii) reduction in the number of additional Be(n2n) reactions
caused by the secondaries. With ENDF/B - III data the total
Be(npn) reaction rate is reduced by 15%

(iii) preferential forward emission leading to greater leakage
of secondary neutrons directly through the blanket.
More recently Howerton and Perkins [74] have commented on the short-

comings of the latest ENDF/B format, in which it is not possible to describe
the break-up modes for the ̂ Be(n,2n) reaction recently evaluated by them.
Their evaluation used 5 levels in 9ße, 4 of them wide, while the ENDF/B - IV
format permits only up to 4 narrow levels.
8.3 The Role of Integral Assemblies and Benchmark Experiments

In the development of fission reactor neutronics capability, subcritical
and low power critical assemblies have been instrumental in checking both
methods and nuclear data and similar experiments are likely to be equally
valuable for fusion systems. In particular, validation of neutron spectrum
and tritium breeding calculations will play an essential part in blanket
development. Experiments fall into two categories according to purpose.
Both usually comprise a 14MeV neutron source within an assembly of materials.
In the first the object is to investigate as far as possible a single
material in as uncomplicated a geometry as possible to simplify calculations
to determine the consistency between calculated and measured parameters such
as reaction rates, spectra etc. and point to possible data shortcomings. In
the second a more determined attempt is made to simulate a reactor blanket
design or features thereof, and generate more representative neutron spectra.

In the first category a number of experiments have been performed and
analyses carried out on lithium [75-78] as spheres or cylinders and a wide
variety of other materials, including LiD[79], LiF[80], Al, Ti, Fe, C and 0
[81] and beryllium [82][83]. Leonard [77] gives a comprehensive survey.
Among the measurements made for comparison with calculations, have been the
following:-

(i) reaction rate, measurements in (n,p), (n,a) and (n,2n)
threshold indicators
(ii) fission reaction rates and reaction rate ratios in fertileand fissile nuclides (238U, 235̂  237̂  232̂  239Pu)
(iii) spectrum measurements using nuclear emulsions, proton recoil
(liquid scintillation, gas proportional), 6Li scintillation spec-
trometers and time-of-flight
(iv) spatial distribution of tritium production rates using 3-
counting techniques, including estimates of production in each
lithium isotope by using samples highly enriched in either 6Li or Li.
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Kuijpers [84] gives a useful discussion on unfolding neutron spectra in
respect of the sensitivity to cross section uncertainties in the detectors.

The second category includes shielding experiments, obviously of great
value for blanket/shield penetrations, and attempts to simulate the blanket con-
figuration, of which an example is the work of Herzing et al[85]. In this
they extended their Li metal sphere experiments[75] by cladding it in graphite
and measured the altered T6 and T7 distributions for comparison with calcula-
tions. A full simulation of a CTR blanket is obviously out of the question
and in designing an integral assembly consideration must be given at an early
stage to the way in which the results are to be applied in adjusting the
cross section data for the materials investigated. Beynon[86] points out
that in the many bare lithium systems the mean neutron energy is ~4MeV while
in lithium blanket systems with a reflector it is -IMeV. He develops argu-
ments to show that this mismatch must be avoided by proper design of the
assembly. He makes use of the concept of the sensitivity profile[44] dis-
cussed briefly in section 7 and shows that if the integral assembly exhibits
a similar profile to the CTR blanket of interest then it will be of optimum
value for data adjustment. He illustrates this with comparative sensitivity
profiles for the LiF spherical assembly experiment at Birmingham , UK[80] and
the Harwell/Culham blanket model based on the Culham Conceptual Tokamak
Reactor[87]. Fig. 3 shows the sensitivity profiles of breeding in 6Li to the
6Li(na)t reaction in each case while Fig. 4 shows the sensitivity profiles
of total breeding to the iron total cross section, if the integral assembly
has a 5mm thick spherical steel shell around the source to represent the
first wall in its location between the plasma and the blanket. The poor
match in sensitivity profiles shows that the steel shell does not adequately
represent the 69» steel structure fraction distributed through the blanket model.

Adjustment in the iron data made by forcing agreement in the integral
assembly will not ensure prediction accuracy for total tritium breeding in
the blanket.

Reupke and Muir [88] express a similar viewpoint as a result of ex-
perience with their consistency analysis code ALVIN. Using this they carry
out a minimum variance fit between calculated and measured Li(n,n'a)t
tritium breeding rate distributions through a 14MeV neutron-driven LiD
assembly, permitting variations in the 7Li(n,n'a)t cross section in attempts
to improve the fit. Although the value of x for the fit improved consider-
ably, they concluded that additional integral experiments with improved
design are necessary to determine the sources of inconsistencies in the
combined differential and integral data.
9. Conclusions

The accuracy target for blanket neutronics parameters such as tritium
breeding rate cannot be rigidly decided. Any figure such as the 2% standard
deviation suggested here, can be argued for and against - no doubt in the
course of time closer limits on uncertainty will be demanded. An important
point in choosing a value is that it enables us to pinpoint the worst
sources of errors so that attention can be dir.ected towards them. Fusion
reactor blanket technologists are still in the process of evaluating many
concepts, each with its own mix of materials range of neutron spectra etc,
and if these are to be judged fairly on neutronics grounds, adequate data is
needed followed at a later stage by more accurate data for those materials
selected. At present lithium is the only material which is certain to be
included in a breeding blanket.

Two main points have emerged in this review; firstly that to the old
adage that a calculation is only as good as the data put into it, one must
also add the warning that the accuracy may well be the victim of the approxi-
mations used; and secondly that the sensitivity of estimated parameters such
as tritium breeding to nuclear data uncertainties is very system dependent.
In the high energy neutron spectra of fusion reactor blankets, the effects
of competing threshold reactions, (n,'2n) and (nnf),including 'Li(n,n'a)t in
producing secondary neutrons that can still take part in subsequent thresh-
old reactions, are very important. The influence of uncertainties, not
only in the cross-section data but also in the secondary neutron energy and
angular distributions and correlations between these uncertainties has not
been adequately studied yet, even for lithium-7, let alone for possibly
important materials such as beryllium and lead and a wide range of candidate
materials for the blanket structure.

24



REFERENCES

[1] BADGER, B., et al. UWMAK-III, High-Performance, Non-Circular Tokamak
Power Reactor Design. UWFDM-150 (Dec. 1975).

[2] MILLS, R.G. (Ed.), A Fusion Power Plant. MATT-1051 (Aug. 1974).
[3] SEKI, Y., et al. Tritium Breeding in Ceramic Lithium Compound Blankets.

Conf. 74042, pp 77-86.
[4] POWELL, J.R., et al. Studies of Fusion Reactor Blankets with Minimum

Radioactive Inventory and with Tritium Breeding in Solid Lithium Com-
pounds. BNL-18236 (June 1973).

[5] VERSCHUUR, K.A., BROCKMANN, H. Neutronic and Photonic Studies on Fusion
Reactor Blankets with Low Lithium and Tritium Inventories. Jill-12617
RCN-236 (Dec. 1975).

[6] HANCOX, R., et al. A 600 MW(e) reversed field pinch reactor study.
IAEA Workshop on Fusion Reactor Design, Madison, 10-21 October 1977.

[7] GERSTL, S.A.W., DUDZIAK, D.J. and MUIR, D.W. Application of Sensitivity
Analysis to a Quantitative Assessment of Neutron Cross-Section Require-
ments for the TFTR. LA-6118-MS (1975).

[8] CROCKER, V.S., BLOW, S., WATSON, C.J.H. Nuclear Cross-Section Require-
ments for Fusion Reactors CLM-P240 (1970).

[9] ABDOU, M.A., CONN, R.W. Nucl. Sei. Eng. _5_5 3 (1974) 256.

[10] BACHMANN, H., et al. Nucl. Sei. Eng. 6J7_ l (1978) 74.
[11] SANTORO, R.T., et al. Nucl. Technol. 3^3 (1978) 274.

[12] DUDZIAK, D.J. An Assessment of Nucleonic Methods and Data for Fusion
Reactors, LA-UR-76-2086.

[13] MAYNARD, C.W. Trans. Am. Nucl. Soc. 23 (1976) 11.
[14] CARLSON, B.C. Solution of the Transport Equation by Sn Approximations,

LA-1599 (1953).

[15] ENGLE, W.W. Jr. A User's Manual for ANISN, A One-Dimensional Discrete
Ordinates Code with Anisotropie Scattering, K-1963, Computing Technology
Centre, Union Carbide Corp. (1967).

[16] LATHROP, K.D. DTF-IV, a FORTRAN-IV Program for Solving the Multigroup
Transport Equation with Anisotropie Scattering, LA-3373 (1965).

[17] RAGHEB, M.M.H., et al. Atomkernenergie 31 5 (1978) 192.

[18] CHAPIN, D.L. A Comparison of the DT Neutron Wall Loading Distributions
in several Tokamak Designs, MATT-1186.

[19] ABDOU, M.A., JUNG, J. Nucl. Technol. 35_ l (1977) 51.
[20] DAENNER, W. Neutron Flux Asymmetry in Toroidal Geometry. IPP 4/101

(Sept. 1972).
[21] CONSTANTINE, G., PICKETT, D. A Neutronic Study of the Culham Conceptual

Tokamak Reactor Mk II, Proceedings of the 9th Symposium on Fusion
Technology, Garmisch Partenkirchen (June 1976) pp 649-655.

[22] CHAPIN, D.L. Comparative Analysis of a Fusion Breeder Reactor in
Cylindrical and Toroidal Geometry using Monte Carlo, MATT-1234.

[23] CONN, R.W., et al. Trans. Am. Nucl. Soc. 23_ (1976) 12.
[24] SEED, T.J., et al. TRIDENT: A Discrete Ordinates Code with Toroidal

Geometry Capabilities, Trans. Am. Nucl. Soc. 2^5 (1976) 12.

25



[25] CASHWELL, E.D., et al. MCN: A Neutron Monte Carlo Code, LA-4571 (1972).
[26] VERSCHUUR, K.A. Neutronics in the Toroidal Belt Geometry of a Screw-

Pinch Reactor, presented at the 10th Symposium on Fusion Technology,
Padova, (Sept. 1978).

[27] SANTORO, R.T., et al. Nucl. Technol. 37_ 1 (1978) 65.
[28] EL-GUEBALY, L.A., MAYNARD, C.W. Monte Carlo Calculations for a Fusion

Reactor Blanket and Shield, FDM79, University of Wisconsin (Jan. 1974).
[29] TAKAHIRO, I.D.E., et al. Evaluation of Neutron Streaming through

Injection Ports in a Tokamak, JAERI M6475.
[30] CONSTANTINE, G., et al. UKAEA Research Group Report, CLM-R136 (1975).
[31] CONSTANTINE, G. Possible Improvements to a Basic Cellular Thin

Blanket Fusion Reactor Configuration, presented at the 10th Symposium
on Fusion Technology, Padova (Sept. 1978).

[32] RHODES, W.A., MYNATT, F.R. The DOT-III Two Dimensional Discrete
Ordinates Transport Code ORNL-TM-4280 (1973).

[33] STRAKER, E.A., et al. The MORSE Code - A Multigroup Neutron and Gamma
Ray Monte Carlo Transport Code, ORNL-4585 (1970).

[34] PARKER, K. AWRE 0-70163 (1963).
[35] OZER, 0., GARBER, D. ENDF/B Summary Documentation, BNL-17541 and

ENDF-201 Brookhaven National Laboratory (1973).
[36] HOWERTON, R.J., et al. Evaluated Nuclear Cross Section Library, UCRL

50400, Vol. 4, Lawrence Livermore Laboratory (1971).
[37] WEISBIN, C.R., et al. MINX - A Multigroup Interpretation of Nuclear

Cross Sections. Trans. Am. Nucl. Soc. 16^ (1973) 127.
[38] WRIGHT, R.Q., et al. SUPERTOG: A Program to Generate Fine Group Con-

stants and Pn Scattering Matrices from ENDF/B, ORNL-TM-2679 (1969).
[39] GREENE, N.M., et al. AMPX - A Modular Code System for Generating

Coupled Multigroup Neutron-Gamma Libraries from ENDF/B, ORNL-TM-3706 (1976),
[40] EVANGELIDES, G., LINDSTROM, D. Trans. Am. Nucl. Soc. 2_3 (1976) 19.
[41] ALSMILLER, J.R., et al. Trans. Am. Nucl. Soc. 19_ (1974) 463.
[42] STEINER, D. Nucl. Fusion 1£ (1974) 33.
[43] STEINER, D. Analysis of a Benchmark Calculation of Tritium Breeding in a

Fusion Reactor Blanket: the United States Contribution. ORNL-TM-4177
(Apr. 1973).

[44] BARTINE, D.E., et al. Cross Section Sensitivity of Breeding Ratio in
a Fusion-Reactor Blanket, Nucl. Sei. Eng. 5_3_ 3 (1974) 304.

[45] BARTINE, D.E., et al. SWANLAKE, A Computer Code Utilising ANISN Trans-
port Calculations for Cross Section Sensitivity Analysis, ORNL-TM-3809
(1973).

[46] STEINER, D., TOBIAS, M. Nucl. Fusion 1£ 2 (1974) 153.

[47] STEINER, D. ORNL-TM-4200.
[48] GREENE, N.M., et al. XLACS: A Program to Produce Weighted Multigroup

Neutron Cross Sections from ENDF/B, ORNL-TM-3646 (1972).
[49] GREENE, N.M., CRAVEN, C.W. Jr. XSDRN: A Discrete Ordinates Spectral

Averaging Code, ORNL-TM-2500 (1969).
[50] ALSMILLER, R.G., et al. Trans. Am. Nue. Soc. 19_ (1974) 463.

26



[51] FRAAS, A.P. ORNL-TM-3096 (1973).
[52] DUDZIAK, D.J. Discrète Ordinates Neutronic Analysis of a Reference Thêta

Pinch Reactor (RTPR) LA-DC-72-1427 (1972).
[53] ALSMILLER, R.G., et al. Comparison of the Cross Section Sensitivity of

the Tritium Breeding Ratio in Various Fusion Reactor Blankets, Nucl.
Sei. Eng. 57 2 (1975) 122.

[54] GREENSPAN, E., PRICE, W.G. Jr. Tritium Breeding Potential of the
Princeton Reference Fusion Power Plant. Conf. 740402-P2, San Diego (1974).

[55] NORDHEIM, L.W. Symp. Appl. Math. XI (1961) 58.
[56] GERSTL, S.A.W., HENRYSON, H., II, Trans. Am. Nucl. Soc. 18_ (1974) 25.
[57] TOPPEL, B.J., HENRYSON, H., II, Trans. Am. Nucl. Soc. 16_ (1973) 126.
[58] SORAN, P.D., DUDZIAK, D.J. Application of Bondarenko Formalism to

Fusion Reactors LA-UR 75-351 (1975).
[59] BONDARENKO, I.I., et al. Group Constants for Nuclear Reactor Calculators,

Consultants Bureau Enterprises, Inc., New York (1974).
[60] LESSLER, R.M. (Ed). WRENDA 76/77 INDC (Sec)-55/URSF.
[61] DARVAS, J. A Design with Low Lithium and Tritium Inventories, Nucl.

Fusion, Special Supplement on Fusion Reactor Design Problems (1974) 377.
[62] - Conceptual Design Study of a Non-circular Tokamak Demonstration Fusion

Power Reactor, Gulf Atomic, GA-13992, (Nov. 1976).
[63] BAKER, L.J. Some Implications of a Cellular Structure in Minimum

Thickness Fusion Reactor Blankets, presented at the 10th Symposium on
Fusion Technology, Padova (Sept. 1978).

[64] STEINER, D. Nucl. Fusion 14_ 1 (1974) 25.

[65] WILLIAMS, M.L., et al. Nucl. Technol. 29_ 3 (1976) 384.
[66] CHENG, E.T., CONN, R.W. Nucl. Sei. Eng. 62_ 4 (1977) 601.
[67] CONN, R.W., et al. New Concepts for Controlled Fusion Reactor Blanket

Design, UWFDM-115 (1974).
[68] BEYNON, T.D., CONSTANTINE, G. A Study of Fusion Neutron Heating in

Laser Compressed DT Spheres, J. Phys. G: Nuclear Physics ̂ 5 (1977) 81.
[69] BEYNON, T.D., BRYANT, R. To be published.
[70] GERSTL, S.A.W. Sensitivity Profiles for Secondary Energy and Angular

Distributions LA-UR 77-917.
[71] TOBIAS, M., STEINER, D. Cross Section Sensitivity of Tritium Breeding

in Fusion Reactor Blankets, Conf. 740402, San Diego (1974) 185.
[72] . MARKOVSKII, D.V., et al. Influence of Neutron Constants on the Behaviour

of a Thermonuclear Reactor Blanket, IAE 2579 (1975).
[73] SORAN, P.D., et al. Effect of Be (n,2n) Multigroup Treatment on Theta

Pinch Blanket Neutronics, Conf. 740402, San Diego (1974) 172.
[74] HOWERTON, R.J., PERKINS, S.T. Comments on Beryllium (n,2n) Cross

Sections in ENDF/B- -IV and -V, Nucl. Sei. Eng. 65_ 1 (1978) 201.
[75] HERZING, R., et al. Nucl. Sei. Eng. 60 2 (1976) 169.
[76] BACHMANN, H., et al. Nucl. Sei. Eng. 6J l (1978) 74.
[77] LEONARD, B.R. A Compendium of 14MeV Neutron Source Experiments, Proc.

Magnetic Fusion Energy Blanket and Shield Technology, March 29-April 2,
1976, Brookhaven National Laboratory, ERDA-76-117-1 (1976) p66.

27



[78] FRITSCHER, U., et al. Determination of Neutron Spectra and Cross
Section Sensitivity of Tritium Production in a Lithium Sphere, presented
at 10th Symp. on Fusion Technology, Padova, 1978.

[79] WYMAN, M. An Integral Experiment to Measure the Tritium Production from
Li by 14MeV Neutrons in a Lithium Deuteride Sphere, LA-2234, (1972).

[80] SCOTT, M.C. (Birmingham University) to be published.
[81] HANSEN, L.F., et al. Nucl. Sei. Eng. 60_ l (1976) 27.
[82] BASU, T.K., et al. Experimental Studies of Neutron Multiplication from

Beryllium (n,2n) Reaction in CTR Blankets, presented at 10th Symp. on
Fusion Technology, Padova, (1978).

[83] DRAKE, D.M., et al. Nucl. Sei. Eng. 63_ 4 (1977) 401.
[84] KUIJPERS, L.J.M. Spectrum Unfolding from Activation Measurements in a

CTR Model Blanket Experiment: Comparisons and Sensitivity Analysis,
Jul-1435, July 1977.

[85] HERZING, R., et al. Nucl. Sei. Eng. 6j[ 3 (1977) 341.
[86] BEYNON, T.D., et al. The Design and Analysis of Integral Assembly

Experiments for CTR Neutronics. IAEA Specialists' Mtg. on Shielding
and Integral Experiments, Vienna, Oct. 1976.

[87] MITCHELL, J.T.D., HOLLIS, A.A. A Tokamak Reactor with Servicing
Capability Proc., 9th Symp. on Fusion Technology, Garmisch Partenkirchen,
(1976).

[88] REUPKE, W.A. Consistency Analysis of Fusion Reactor Neutronics Data;
Tritium Production, Trans. Am. Nucl. Soc. 23 (1976) 21.

1Ô1

VS2

; 1 . ,,,„.| , . , |,U,| , , ,,,.„

'. —

'-_

_

1 I: L
~-

NEGATIVE
POSITIVE

r

VALUES
VALUES

1 l l Inn

| i i |iin

rj-

?lf

1 i i Mm

I i i |iiu

1 i i Inn

| 1 1 |HI!

y=6i

1 i i Mm

| i i|im

•Aif*,\

1 i i Mm

| i i |iiu 1 l ' l'"i

-

y=7ur =
\ 1 -«. \\r

Vf
1 ill Mm

f -

1 I 1 bin

r7 icr6 KT5 icr* tcr3 icr2 iff' to0 10' K
ENERGY (MeV)

Pig. 1 Breeding ratio sensitivity per unit lethargy versus energy for the tlS(n,t)a cross section.

28



1.6

1.4 * T,

1.2

1.0

0.8 *T6

0.6

0.4 0.6 0.8

'7
*T7
i
10 l 2 1.4

Fig. 2 Dependence of tritium breeding in blanket of ETRT reactor
on hardness of neutron spectrum of Li(n,n'a)T.
*- calculation with UKNDLconstants for 7Li. r r-io

0io -

- iio h

10

io

-410

—— LiF integral assembly
—— Harwell Culham Blanket

-310

-410 H

'510

'610
01 lOKev 0.1
Fig. 3 Comparisons of
sensitivity profiles of
breeding in °Li to the6Li(n,a)T reaction for the
Birmingham LiF experiment
and a Harwell-Culham
conceptual design.

,-J HARWELL-
CULHAM
BLANKET

r-1

LJ

—— Positive values
---- Negative values

-, -2

-io-3

LiF INTEGRAL
ASSEMBLY

lOev OJ I lOKev O.I I IQMev
Fig. 4 Sensitivity of
the total tritium breeding
to iron total cross
sections in the HC
design and in the
Birmingham LiF
experiment.

29



Review of Nuclear Heating in Fusion Reactors AG-159/A2
Review PaperYasushi Seki

Japan Atomic Energy Research InstituteTokai-mura, Ibaraki-ken, Japan

ABSTRACT
The mechanism, calculation! method, required types of data for

nuclear heating calculation are briefly reviewed. The proposed materials
in the blanket and shield of fusion reactors for which the nuclear data
are required for heating calculations are enumerated. The significance
and related problems of nuclear heating in various components of fusion
reactors are described. Nuclear data requirements for the nuclear heating
calculations and required experiments for the data testing are presented.

I. INTRODUCTION
The scientific feasibilities of both magnetically and inertially

confined D-T fusion reactors are expected to be demonstrated within several
years. This review will be focused on nuclear heating in Tokamak fusion
reactors as they are in the most advanced design stage and the reviewer
has the experience in the nuclear heating calculations for two Tokamak
type reactors. '*' ' However, except for some differences caused by
variations in the materials and subcomponents involved in each reactor
type, many problems related to nuclear heating are common in all fusion
reactor types. Therefore, most of the discussions presented here will be
applicable to other types of reactors with little modifications.

Nuclear heating in the blanket of a fusion power reactor will be uti-
lized for generating electricity. In the rest of the reactor components,
the nuclear heat generated is considered useless or a nuisance because its
removal is required in most cases. The heat removal becomes a serious
problem particularly in the components where liquid helium temperature must
be maintained (e.g., superconducting magnets and cryopumps). The total
refrigeration power required for these components must be lower than allowed
from economical balance which is usually represented as less than a certain
fraction of the net electrical power output of the reactor. Therefore, one
of the most important considerations in the blanket and shield design of a
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fusion power reactor will be enhancing the nuclear heat deposition in the
blanket while reducing that to other components and especially suppressing
that in cryogenic components to the practical minimum.

The uncertainty in the calculated nuclear heating rate at various
parts of a reactor is caused by

1) the uncertainty in nuclear data for a) radiation transport
calculation, and b) kerma factor* calculations,

2) the error introduced in processing nuclear data into multigroup
cross section sets which may be used in transport calculations**,

3) the error in kerma factor calculations, and
4) the deficiency in radiation transport calculations.
The required accuracy for the spatial distribution of the nuclear

heating rate is suggested to be ± 10 ̂  20% in fission reactor design in
general. The requirement should be less stringent for fusion reactor
blankets with lower power density I1" At present, the lack of experimental
data on nuclear heating in fusion reactor systems precludes one from stating
anything definite, but it seems quite apparent that the state-of-the-art
for the nuclear heating calculation is far from satisfying the suggested
requirement. For instance, there is a report showing that the uncertainty
in the neutron transport cross sections alone may cause ̂  100% error in
the calculated nuclear heating in the superconducting toroidal field coil

/ 3\of an experimental power reactor/ ' The uncertainty study of Ref. 3 was
conducted using a one-dimensional calculational model. Similar studies to
see the effect of nuclear data uncertainties upon nuclear heating in fusion
reactors have been conducted. '"' ' In the case where more realistic and
hence more complex configurations with various penetrations through blanket

(24)-f27)and shield are treated^ ' v , the deficiency in the particle transport
calculation method may cause additional large errors in the calculated
nuclear heating. Since the nuclear data requirements for the radiation
transport calculations will be treated by other reviewers, this review

Kerma stands for Kinetic Energy Released in Materials.
**Multigroup processing may be omitted when continuous energy Monte Carlomethod is employed.
+ A target accuracy of 10~20$ was suggested also for fusion shielding
in Ref. 41«
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will deal mainly with the nuclear data directly related to nuclear heating
calculations, namely, kerma factor calculations.

The mechanism, the required types of nuclear data and the method for
the calculation of nuclear heating in fusion reactors will be briefly
reviewed in Section II. In Section III, the proposed materials in various
types of blanket and shield for which the nuclear data are required are
given. The significance of nuclear heating in the blanket and shield is
also described in this section. In Section IV, nuclear heating in other
components which may become critical in the reactor design is treated.
Finally, nuclear data requirements for the nuclear heating calculations
and related experiment proposals are given in Section V.

II. NUCLEAR HEATING CALCULATION
II.I. Mechanism of Nuclear Heating

(2}The mechanism of nuclear heating in a fusion reactor^ is
shown in Fig. 1. As a result of the D-T fusion reaction, a 14-MeV neutron
and a 3.5-MeV alpha particle are created. The alpha particles are mostly
confined in the plasma until most of their energies are given to heating
plasma particles and the energies will eventually be deposited on the first
wall surface in the form of electromagnetic radiation and particle diffusion.
If a diverter is present, only the particles are diverted away from the
first wall to the diverter region.

On the other hand, the 14-MeV neutrons without any electric charge
will mostly penetrate through the first wall and interact with the materials
in the blanket producing charged particles and/or some more neutrons and/or
gamma rays depending on which reaction the neutron will undergo. The
emitted charged particle will deposit most of its energy in the immediate
vicinity (compared to neutron mean-free path) of the neutron reaction. The
secondary gamma rays produced will transport longer distance in the blanket,
but ultimately transfer most of their energy to atoms of the blanket elements
through photoelectric absorption, Compton scattering, and pair production
processes. The secondary neutrons produced will undergo similar processes
as the source neutrons, generating further charged particles, gamma rays and
neutrons. All these heat depositions originating from the 14-MeV neutron
are defined here as the nuclear heating. Total energy deposited per incident
neutron in a blanket will depend on the numbers and types of exothermic and
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endothermic reactions occurring in the blanket and also on the energies
carried away by the neutrons and gamma rays escaping from the blanket. In
many of the Tokamak reactor designs, the nuclear heating in a blanket is
calculated to be around 17 MeV per incident source neutron^ ' which usually
amounts to more than 95% of the total nuclear heating for the whole reactor
system.

11.2. Required Nuclear Data
As described in II.1, neutrons and gamma rays transport before

they deposit energy in the blanket. Hence, the nuclear heating calculation
is generally carried out in two steps. Firstly, the radiation transport in
a fusion reactor is calculated resulting in spatially and energy-dependent
neutron and gamma ray fluxes. Secondly, kerma factors are multiplied to
the neutron and gamma ray fluxes to obtain nuclear heating rate. Accordingly,
required nuclear data for nuclear heating calculation may also be classified
as those for radiation transport calculation and those for kerma factor
calculation. Since the former will be described in detail by other reviewers,
the nuclear data required for kerma factors are mainly described here.

The 14-MeV neutrons will go through wider variety of reactions in the
blanket than fission neutrons because of their higher energy. In order to
calculate kerma factors accurately, extensive nuclear data information for
each of the reactions are necessary. Beside the cross sections, the emission
probability and energy distribution of every emitted particle and gamma ray,
the energy resulting from mass conversion in the reaction and the average
decay energy per reaction are required for each reaction.

11.3. Kerma Factor Calculation
The concept of kerma factors was originally introduced in the

field of health physics for calculating biological radiation dose. Kerma
is defined as the total kinetic energy of the charged particles that are
produced by neutrons and gamma rays, per unit mass of the irradiated
material. In the course of calculating nuclear heating in fusion reactor

(0\blanketsv ', the kerma factors for some elements of interest in blankets
/o\have been generated for the first time by Ritts et al/ ' The calculational

method for obtaining kerma factors introduced in the Ritts1 work was not
general enough to permit accurate calculations of nuclear heating for the
large number of materials required in fusion reactors. To solve this situation,
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Abdou et al. have produced a computer code MACIO ' which calculates
neutron kerma factors using ENDF/B data. As fusion reactor neutronics
calculations were carried out in many places, this code came to enjoy
a wide distribution since it was included in the RSIC code collection^ '
of the Oak Ridge National Laboratory.

The evaluation of gamma ray kerma factors is relatively easy and is
normally performed by modifying the codes which generate photon-interaction

(14)
(12}multigroup cross sections, such as MUGV ' and 6AMLE6.V ' The most recent

version is the code SMUG which is one of the modules in the AMPX code system
for generating coupled multigroup neutron-gamma ray libraries from ENDF/B. It
may be of some interest to note that similar code systems for calculating

(15)nuclear heating has bee'n developed at the Los Alamos Scientific Laboratoryv ,
the Casaccia Laboratory in Italy^ ', the Institute of Plasma Physics,
Garching^ , and the Japan Atomic Energy Research Institute^ .

l-\o\It was pointed out by Abdou and Maynard^ ' that the gamma ray production
data employed for nuclear heating calculations were sometimes not consistent
with the neutron nuclear data as to energy conservation. They showed the error
in the calculated nuclear heating in some fusion reactor systems caused by
the above inconsistency by applying the so-called direct energy balance

(19)method. ' This method, based on the kinematic equations of all nuclear
reactions for every element in a blanket, gives total nuclear heating in
a blanket accurately, but not the spatial distribution of nuclear heating
rate. The method was developed to serve as a validation tool for the ac-
curacy of the calculated total nuclear heating.

Recently, the improved version of the MACK code, MACK-IV^ ' has
(21 )been developed. Also, a comprehensive ENDF/B processing system NJOYV '

has been made which includes kerma factor calculation module based
completely on ENDF/B-IV data. Both of these new codes attempt to solve
the inconsistency problem arising from the lack of energy-conserving
gamma production data in ENDF/B-IV. There seems to be still some problem
remaining which precludes completely automatic generation of neutron kerma
factors without some knowledge of ENDF/B-IV data status related to gamma
production. MACK-IV provides for the choice of two calculational paths
to avoid this problem, while NJOY gives out warning messages requesting
reexamination of obtained kerma factors when the problem arises.
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III. NUCLEAR HEATING IN BLANKET AND SHIELD
III.1. Materials Employed in Blanket and Shield

In a typical Tokamak reactor, more than 95% of nuclear heating
is deposited in the blankets. It is a well known fact that if a D-T fusion
reactor is to be self-sustaining in tritium cycle, the blanket of the fusion
reactor must have lithium in one form or another. Accordingly, the use of
lithium in the form of liquid metal, the molten salt FLIBE, alloys (LiAl,
Li.Pb, etc.) and solid compounds (Li^O, LipAlO,, etc.) have been proposed.
Nuclear heating in each of these materials has been calculated in the cor-
responding fusion reactor design employing these materials. Beside these
lithium bearing materials, breeding blankets usually consist of neutron
reflectors (graphite, stainless steel), structural materials (stainless steel,
Mo, Nb, Al, etc.), primary coolants if necessary (He, water, etc.) and in
some cases neutron multipliers (Be, Pb, etc.) In the case of fusion-
fission hybrid reactors, fissile materials are also introduced into the
blanket.

In addition to these tritium breeding blankets, separate shield is
generally required between the blankets and superconducting toroidal field
coils (TFC) to further reduce radiation damage to the sensitive components
of superconducting magnets (SCM). When a shielding was made to satisfy
the requirement imposed by the radiation damage to superinsulation and
copper (or aluminum) stabilizer of SCM, the nuclear heating in the TFC was
shown to be reduced to insignificant level for an experimental reactor with
a low neutron wall loading (0.17 MW/m2) and a high duty factor (BOX)'1'.
For the additional magnet shield, more or less conventional shielding materials
familiar in fission reactors such as concrete, borated graphite and lead have
been proposed. In cases when hands-on maintenance of the reactor is requested,
the shielding materials must be selected taking into account their induced
activation.

On the other hand, the nonbreeding blankets used solely for the purpose
of efficient radiation shielding have been proposed for the near term fusion
facilities with low tritium consumption not requiring tritium production.
In almost every recent tokamak reactor design, nonbreeding blankets are
partially placed in the inner toroidal section of the blanket so as to make
the reactor compact and hence economical at the cost of reduced tritium
production. As the shielding material for nonbreeding blankets, the use of

36



stainless steel, boron carbide, borated water, lead, ordinary and heavy
concrete, etc., has been proposed. The use of effective, but expensive,

(39)shield material such as tungsten or tantalum alloys may be justifiedv '
in the inner toroidal blanket because the reduction of inner blanket
thickness results in large capital cost reduction.

III.2. Nuclear Heating in Blanket and Shield
Nuclear heating rate in the blanket and shield is generally

the largest at the first wall and it decreases almost exponentially with
the distance from the first wall as may be seen in an example in Fig. 2
for JAERI experimental fusion reactor (JXFRr • In the regions where
exothermal reactions with 1/v characteristics at low neutron energy such
as Li(n,a) reactions are dominant, the nuclear heating rate tends to decrease
more slowly than exponential. Only about 10% of the total nuclear heating
is deposited in the stainless steel first wall due to the penetrability of
neutrons as shown in Table I. ' On the other hand, ions, neutral atoms
and electromagnetic radiation from the plasma deposit most of their energy
on the surface of the first wall, diverter or limiter. This causes the high
heat load on the first wall and localized high temperature spots which make
the heat removal from the first wall the most difficult task.

The total energy of the electromagnetic radiation and particle diffusion
from the plasma is 3.5 MeV per fusion reaction. In the absence of a diverter,
all this energy will be deposited on the first wall resulting in a surface
heating of 0.25 P where P is the neutron wall loading caused by a 14-MeV
neutron per fusion reaction. On the other hand, for typical first wall
materials, the total nuclear heating per unit area of the first wall is
^ fP Ax where f is ̂  0.05 to 0.1 and Ax is the thickness of the first wall
which is typically ̂  0.2 to 1 cm. Therefore, the surface heat load can be
3 to 25 times higher than the nuclear'heating in the first wall.

The total amount of nuclear heating is more than 80% of the total energy
recovered per fusion reaction. However, the energy deposited by neutron-
induced reactions and secondary gamma rays is distributed in a large blanket
volume. Therefore, the power density and the heat removal problem in the
blanket are much less than those in the first wall. One may also note that
the power density in a fusion reactor blanket is approximately an order of
magnitude lower than that in a fission reactor.
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IV. NUCLEAR HEATING IN OTHER COMPONENTS
Nuclear heating rates in the components outside the magnet shield will

-4 3be generally less than 10 W/fcnr which will be insignificant in most cases.
When the component must be maintained at the liquid helium -temperature and/or
the existence of some penetration in the shield does not attenuate the
radiation as anticipated, nuclear heating in those components outside the
shield must be closely examined.

The large amount of electricity required for the refrigeration to deal
with the nuclear heating in the superconducting toroidal field coil has been
recognized from the early days of fusion reactor design. '*'' Contain-

erment of higher than 10 K plasma using ^ 4K superconducting magnets has been
a favorite topic often quoted as an example to demonstrate the difficulty of
fusion reactor technology. It has been said on some occasions that the
thickness of the magnet shield must be optimized to yield the best trade
off between the capital cost gain obtained by the compactness of the reactor
and the reduction of the required refrigeration power for the magnets.
This optimization is valid for a low duty cycle, high instantaneous power
producing facilities such as TNS and ignition' test reactors which are en-
visioned as near term machines to be built before the experimental reactor.
However, even for an experimental reactor with 50% load factor' ' it has
been shown that the limiting factor for determining the minimum blanket
thickness is not the instantaneous flux effect such as nuclear heating, but
the cumulative fluence effects such as the long life induced activity ac-
cumulation and the radiation damage. In the case of a commercial fusion
power reactor with higher load factor it seems to be certain that when
adequate shield is provided to cope with the fluence effects, the nuclear
heating in the magnet becomes negligibly small in comparison with other
heat sources. In the detailed design of toroidal field coil magnets for

^ 'the nuclear heating in TFC amounted to less than 15% of the total
heat load in TFC.

The nuclear heating in the cryopanels of cryosorption or cryocondensa-
tion pumps for evacuating the main vacuum vessel and/or neutral beam injector
has been recently calculated. ' * * ' * * ' In contrast to the superconduc-
ting magnets which can be shielded from radiation, there always ..exists
streaming paths from the plasma to these vacuum pumps through which neutrons
and gamma rays can penetrate. There are some ideas to plug these paths when
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the plasma is in ignited mode. The feasibility of moving heavy shield
plugs at high speed twice for every burn pulse seems questionable to the
reviewer. The nuclear heating in the cryopanels of the neutral beam injectors

(25)in TFTR has been found to be sufficiently small/ ' It was also found to
be allowable in the case of JXFR for the nuclear heating in the cryopanels

(24)of main and injector vacuum pumps.v ' But the problem of nuclear heating
calculations by radiation through penetrations involve complex geometry
which is strictly dependent on each reactor design and on the operating con-
ditions of each reactor that the results thus obtained are difficult to
generalize.

Radiation streaming through diagnostic penetrations in TFTR has been
(27)recently calculatedv , which should also be problem dependent. There may

be some troublesome effects created by nuclear heating to the heat sensitive
semiconductors used in the instrumentations. But the accumulation of long
life induced activity seems to be more problematic also for this case.

V. NUCLEAR DATA REQUIREMENTS
In order to specify the nuclear data requirements for nuclear heating

calculations for fusion reactors with their required accuracies and priorities,
sensitivity studies to study the effect of nuclear data uncertainties on
nuclear heating such as by Steiner^ , Abdou and Conn^ ', Alsmiller et al., '
Simmons et al., ' and Arcipiani et al., ' are required. As of today, too
few and too specific results of such studies are available to draw any
definite or general statement on data requirements. However, Ref. (3) states
that the uncertainty in the calculated nuclear heating at a toroidal field
coil due to uncertainty in neutron transport cross sections is ̂  100%, which

f
seems to be clearly too large for general acceptance. Moreover, in the
neutronics calculation for fusion reactors with 14-MeV neutrons, the energy
and angular distribution data for secondary neutrons should become very

(28)important. ' The energy and angular distributions are not only important
for neutron transport calculations but as shown in Ref. (18), they are also
important for accurate calculations of kerma factors. A sensitivity analysis
method to calculate the sensitivity to the energy and angular distribution
data of secondary neutrons and gamma rays has been developed and the importance

(29)of these data in fusion reactor application has been demonstrated by Gerstl. '
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The role of gamma-ray heating is far greater in fusion reactors than in
fission reactors where almost all energy comes out of neutron induced fissions.
In fact, the gamma-ray heating often exceeds neutron heating in some of the
critical reactor components such as TFC and the first wall material if it is
made mostly of high atomic number elements. Hence, gamma-ray production
cross sections which had been regarded as not very significant in fission
reactor application have become important. It is timely that more gamma-
ray production data have come to be available in ENDF/B-IV and V, but it is
believed not to be sufficient and further efforts are requested in this
field.

On the other hand, experimental verifications of the nuclear data and
radiation transport methods employed for nuclear heating calculations in
fusion reactors are also required. There are several integral experiments
on fusion blanket assembly conducted to date, but aside from a few of neutron
and gamma-ray spectra measurements^ '"* ' which should be useful for the
testing of radiation transport calculations, most of them placed the veri-
fication of tritium production as their primary objective. ''^ ' An
experiment employing calorimeter, TLD^ ' or some other detector to measure
nuclear heating more or less directly should be conducted.

There is a proposal^ ' to conduct a nuclear heating calculation on a
benchmark problem and through intercomparison of the results evaluate the
state-of-the-art of the calculational methods. Such a comparison for gamma-

(37}production codes have already been carried out in the USAV . This kind
of intercomparison of benchmark calculations on an appropriate integral
experiment, using the same nuclear data should be useful in clarifying the
errors in the nuclear data processing and radiation transport calculations,
thus making clear the uncertainty due to nuclear data.
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Table I. Region integrated nuclear heating in the blanket, shieldand TFC of JXFRA'J

Zone
No.
(k)

1
2

3
4
5
6
7
8

l-x.8
9

10
11
12

13
14
15

9^15
11.15

Regions

Plasma*

Vacuum*

Carbon coating

Stainless steel (SS)

Li20(24%)+SS(9%)+He(27%)

Li20(72%)+SS(17%)+He(ll%)

SS(90%)+He(10%)

SS

Blanket total

Vacuum*

Heavy concrete (90%)+

Lead

Air

Insulator
SCM

Insulator

Shield and TFC

Total

Radiation heating (MeV/D-T neutron)

Neutron
/Hn<j>ndVk

1.56x 10~8

4.40 x!0~9

3.38 x HT1

5.52x 1Q-1

3.66
5.93
3.03 x 10- 2

1.24 x IQ-3

10.51
2.63 x IQ"11

2.32 xKT2

7 .20x 10~9

1.71 x 10~10

3.65 x 10~8

8.82 x 10~8

8 . 44 x 10" 1 5

0.02

10.53
(63%)

Gamma- ray
/HY^ydVk

1.93x l(T10

7.37x10-1!

8.80 x 10"2

9.61x icr1

2.02
2.82
3 . 24 x 10- l

2.05 x IQ- 2

6.23
l.llx 10~12

2.83 x 1Q-2

1.18 x 10~6

7.73X1Q-U

5.73 xHT8

8.13x HT 7

5.70x I0~llt

0.03
6.26
(37%)

Total
/hn4>n+HY<MVk

1.58X 10~8

4 . 4 7 x i O ~ 9

4.27 x ID'1

1.51
5.68
8.75
3.54x 10-1
2.17 x IQ- 2

16.74(99.7%)
2.74 x 10~U

5.15 x 10" 2

1.19 x 1Q-6

2 . 4 8 x 10-1°
9.38 x HT8

9.02x IQ- 7

6.54 x 10"14

0.05 (0.3%)

16.79
(100%)

* Plasma and vacuum regions are filled with
+ Heavy concrete is cooled by borated water.

atoms-cm"3 of hydrogen.
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Nuclear Data Requirements for Transmutation AG—159/A3
and Activation of Reactor Wall and Structural Materials Review Paper

O.K. Jarvis, A.E.R.E. Harwell, U.K.

Abstract
This paper details the extent of the nuclear data needed for inclusion in

a data library to be used for general assessments of fusion reactor structure
activation and transmutation problems, describes the sources of data available,
reviews the published literature and explores the reliability of current
calculations by providing an independent assessment of the activity inventory
to be_ expected for five structural materials in a simple blanket design for
comparison with the results of other workers. An indication of the nuclear reactions
which make important contributions to the activity, transmutation and gas
production rates for these structural materials is presented.

1. Introduction

In the present review we are concerned mainly with substantiating and
assimilating the activation and transmutation calculations which have been
published in the open literature, with a special interest in the nuclear cross-
section and decay chain data employed. Most of the published calculations assume
that the fusion reactor of the future will operate on the D-T fuel cycle. "Advanced"
fusion operating on the D-D or D- He cycles will be very much more difficult to
achieve than D-T fusion and will not be entirely free from the 14 MeV neutron
component; indeed, as was pointed out by Kulcinski , the radioactivity of
structures associated with D-D fusion will be only marginally less than
that for D-T fusion. Accordingly, the scope of the present review is restricted
to D-T fusion.

Estimates of activation and transmutation of the first wall and structure
of a fusion reactor may differ considerably between conceptual reactors
embodying different plasma confinement techniques since their neutron blanket
designs are subject to different constraints. Thus, the flanket must be
provided with adequate cooling but in the magnetic confinement approach the
presence of strong magnetic fields will inhibit the free flow of the (liquid)
lithium needed for tritium breeding whereas for inertial confinement ' the
impulsive nature of the energy deposition requires a "first-wall" of liquid
lithium in several designs. Even when we consider a particular type the
various designs of the blanket can differ considerably, with significant
effects on the activation properties.

The major aim in the design of the primary blanket is to obtain a sufficiently
large tritium breeding factor per incident 14 MeV neutron from the ^Li(n,a)
and 7Li(n,n'a) reactions that the initial tritium inventory is maintained, not
forgetting the existence of penetrations through the blanket for vacuum
pumps, beam injection equipment, etc. A secondary aim is to make the blanket and
magnet shield regions as compact as possible to minimize the capital cost of the
reactor. The neutronics calculational methods used to obtain the neutron fluxes
and spectra at various locations in the reactor lie outside the scope of
the present paper. It should be noted that although such calculations generally
provide first-order transmutation and activation estimates they take into account
only the strong reactions involving the original constituents of the blanket.
It is~customary to use a separate activation code to take into account all the
improbable reactions which, nevertheless, may make an important contribution to
the total activity and also to discover the importance of the non-linear
effects which arise in high fluence irradiations. In addition, because the
neutron fluxes and spectra are not very sensitive to the structural materials
adopted, the activation code can be used to obtain valuable comparisons between
different materials without requiring the neutronics calculations to be repeated.
2. The Data Base for Activation/Transmutation Calculations

2.1 Computer codes for activation/transmutation calculations

Before activation calculations can be made three major requirements
must be met: (i) the activation and radioactive decay chains of the
nuclides involved must be specified, (ii) group averaged cross-sections for
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all participating reactions must be chained, and (iii) the differential
equations must be set up and a suitable method^) of solving them invoked.
The early assessments of fusion reactor blanket activity used codes built
around the particular restricted set of nuclides of interest. This is
reasonably straightforward for a monoisotopic structural element such as
niobium but is much more complex for stainless steel, which involves
14 stable isotopes, unless simplified calculations such as those of Nigg
and Davidson ' are considered adequate. After a certain level of
complexity has been passed it becomes advantageous to develop more general
computer codes in which the particular problem of interest is specified as
data input: this implies the existence of very extensive activation and
decay chain data and cross-section data libraries. The Garching code
AKTIV and the Wisconsin code DKR ' provide good examples of this approach.

Alternatively, it may be considered expedient to take advantage of the
existence of codes written for fission reactor applications. These can
handle heavy isotope and fission product inventories in addition to the
structural elements. Two code of this type merit special mention; these
are the U.K.A.E.A. code FISPIN8) and the Oak Ridge code ORIGEN9). An
extended version of the code ORIGEN was used for illustrative purposes
in preparing the present review. For both codes it is necessary for the
fusion oriented user to provide a group-averaged reaction cross-section
data library (although data libraries for fission reactor applications
are available with both codes). Evidently, the use of fission reactor
codes and the availability of fission data libraries greatly facilitates
comparisons between fusion and fission reactor situations.
2.2 Nuclide library specification

The specification of a nuclear data library intended for general
applications involving the structural materials and their major impurities
starts „with a listing of all the isotopes in the constituent elements - these
are the zero generation nuclides. The scope is then enlarged by considering
all the reactions involving the zero generation nuclides which are energetically
possible, and so obtaining the first generation reaction products. If these
first generation nuclides are stable or possess lifetimes in excess of some
lower limit T„ then their (second generation) reaction products are considered
next, and the process is continued as far as is considered necessary. It
is vital that complete decay chains for all the radioactive nuclides are
included in the library; this may introduce further long-lived and stable
nuclides which should also be considered as parents for nuclear reactions.
The extensive nuclear library listed in Appendix I was constructed
in this fashion, with the reaction chains being truncated when it was
found that members could only be reached after several successive reactions.

The reaction types permitted must include the four reactions (n,y), (n,2n)
(n,p) and (n,a) which are of importance for fission reactors but in addition
the 14 MeV neutron energy requires (n,d), (n,t) (n/n'd) and (n,n') to be
included. For present purposes we are interested mainly in the reaction
product and not the emitted particle so that, for example, (n,t) includes
(n,nd), (n,npn), etc. The inelastic scattering cross-section (n,n') is of
practical interest only when a long-lived isomeric state is populated.
The other reactions may also lead to the population of isomeric states
which must be permitted by the library specification; this is particularly
important in cases where the isomers do not decay to their ground states.
The above list of reaction types omits reactions which generally have threshold
energies above 14 MeV; this exclusion may not always prove satisfactory -
e.g. the (n. He) reaction is occasionally of significance.

The lifetime limit T. which determines whether or not nuclear reactions
involving unstable nuclides as parents should be considered can be determined
in relation to the minimum level of impurity elements which we feel should
be taken into account in the activity calculations. A simple argument
shows that when only impurities and minor constituents above 1OO ppm are
considered then the lower limit to the lifetime can be set at about 1O'
days. This result applies mainly to activation calculations involving
a significant period of irradiation at high flux levels. For very short
irradiations it will be sufficient to consider only those reactions involving
the original constituents which lead to unstable decay products; however,
as the half-lives and decay characteristics vary considerably from nucleus
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to nucleus it should not be assumed that the major constituents are necessarily
of greater importance than the minor constituents.

2.3 Decay chain data

Essentially all of the radioactive decay data is well established and
can be taken from the "Table of Isotopes" compiled by Lederer, Hollander and
Perlman*0). Only for a few medium weight metastable nuclides is there any
uncertainty regarding the nature of their radioactive decays.

In computing the decay power the energy release in each radioactive decay
is required but for ß-decay it is not appropriate to adopt the energy release
quoted in the "Table of Isotopes" as this includes the neutrino energy.
Only between 1/3 and 1/2 of the total 3-decay energy is carried by the
charged particle; a good estimate of the actual fraction can be obtained
from the work of Stamatelatos et al . For y-dose rate calculations the
y-spectrum associated with each radionuclide will be needed. Convenient
libraries of y-lines available on mag
Soyka ' and of Bowman and MacMurdo

2.4 Reaction cross-section data

libraries of y-lines available on magnetic tape are those of Erdtmann and

An assessment of the availability of reaction cross-section data for
fusion reactor activation calculations shows that the majority of the
reactions have been investigated only at a single energy (14 MeV) and that
the data often refers to the element rather than to its constituent isotopes
as required for activation calculations. Also, with just a few isolated
exceptions, the data is restricted to the stable nuclides only. It
follows that the generation of synthetic nuclear cross-sections through
the use of nuclear models, adjusted to reproduce existing data, is of
particular importance for fusion work.

It is obvious that the construction of a multigroup nuclear cross-
section library from the original literature would require a vast effort.
Fortunately, the neutron data field is of great importance for fission
reactor design and an excellent index to the literature is maintained
(CINDA). Nevertheless, reference to the original literature need be made only
as a last resort. Undoubtedly the most satisfactory source of data is
one of the evaluated nuclear data files; for a summary of the 1973 contents
of these files reference should be made to the IAEA technical report Nol4615'.

The evaluated files are available on magnetic tape but the wealth of
data encompassed is such that special processing codes are needed to put
the data needed for activation calculations into a convenient multigroup
form. The processing code SUPERTOG is used in connection with the
ENDF/B files and the transport code ANISN17); the 1OO group GAM-II18)
energy structure is used. For activation calculations a lOO-group structure
provides unnecessary detail and more compact structures are sometimes
preferred ,- as a pointer into the future it should be noted that the d-Li
neutron source ^ proposed for materials testing purposes will provide
neutrons with energies peaked at 14 MeV but with a high energy tail reaching
to 3O or 4O MeV so that an extended energy format may be required2O '21 ̂ .

A list of data collections of value in cross-section library construction
for activation applications is provided in Table 1. An up-to-date compilation
of neutron data handbooks and other data sources is provided in CINDA. Of
especial interest is the compilation of 14 MeV neutron cross-sections
prepared by Tsukada 2' which proves of singular value for normalizing
modelled data.

2.5 Nuclear models for cross-section estimation
The use of nuclear models in the evaluation of nuclear data has been

reviewed by Prince , who has provided detailed information on the nuclear
model codes which have been described in the literature, their applicability
and availability. Perhaps invidiously, we select just three of these
as being of particular relevance here - THRESH24^, FISPRO25' and GNASH26):

(i) THRESH is a statistical model code which computes the particle
emission reaction cross-sections induced by neutrons in the

49



Table 1

List of Data Collections for Activation/Transmutation calculations

1. The Evaluated Data Files: UKNDL (U.K.)
(See IAEA tech. report 146) ENDF (U.S.)

LLL (U.S.)
KEDAK (Germany)
"Benzi" - Italian fission product library
"Cook" - Australian fission product library

2. ENDF/B-IV Dosimetry File. ed. by B.A. Magurno. BNL-NCS-5O446 (1975)

3. UCRL-5O4OO Vol 18 (1977) "ACTL-Evaluated Neutron Activation
Cross-section library"

4. BNL-325, supplement 2 (1966)

5. W.E. Alley and R.M. Lessler, "Neutron Activation Cross-Sections", Nuclear Data
Tables 11 (1973)
No's 8 & 9.

6. "Handbook on nuclear activation cross-sections", IAEA technical
report 156 (1974)

7. "Compilation of Threshold Reaction Neutron Cross-Sections", A. Schett, K. Okamoto,
L. Lesca, F.H. Frohner, H. Liskien and A. Paulsen, EANDC 95 U,
Centre de Compilation de Données Neutroniques, Saclay (1974).

8. "Evaluated reference cross-section library", R.L. Simons and W.N. McElroy,
BNWL-1312 (1970).

9. "Multigroup reaction cross-sections for FTR application", R.B. Kidman,
HEDL-TME-72-135 (1972).

10. "Table of Nuclear reactions and subsequent radioactive decays induced by
14 MeV neutrons"
K. Tsukada JAERI 1252 (1977).

11. DLC-33/Montage 4OO. "1OO Group neutron activation cross-section data
for fusion reactor structure and coolant materials"
R.S.I.C. Oak Ridge (1976).

energy range O-2O MeV. A number of adjustable parameters permit
normalization of prediction to measurement. The more recent
version of the code, THRESH-2, is suitable for nuclei in the range Z=21 to 83
Attractive features of the code are its simplicity and speed of
execution. The accuracy of the predictions can be assessed in part
by comparing predicted cross-sections with those contained in the
ENDF/B evaluations for the energy range 8-14 MeV, which is an important
region for CTR activation calculations and coincides with the region
where the important reactions (n,2n), (n,p) and (n,a) are approaching
their maximum values; the ratios of prediction/evaluation were
1.2 +_0.2, 1.4 +_ l.O and 0.8 +_ 0.5 respectively. Since the THRESH
parameters were doubtless derived from these same data the good agreement
is predictable. No such test is available for the less strong reactions
(n,d), (n,t), (n,na) etc owing to lack of ENDF/B data. However, a22 )comparison with 14 MeV cross-section tabulations shows most cross-
sections to be within a factor of 3 of the tabulated values except for
(n,t) for which the prediction is often 1O to 3O times high; the
explanation of this probably lies in the prediction including (n,nd)
and (n,2np) whereas the measured values often refer to triton emission
only.

(ii) FISPRO-II has been used to compute radiative capture cross-
sections for fission product nuclides over the neutron energy range
1 keV to 1O MeV. It is a fairly simple program using the Hauser-
Feshbach formalism but, of necessity, requires spins and parities
for low-lying levels, level density parameters, radiation widths
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and transmission coefficients for each nucleus treated. The fission
product library "Benzi" of Table 1 is based on FISPRO calculations.
Cross-sections for the missing energy region O-lkeV can be estimated
approximately from the thermal neutron (22OO m/s) cross-section and
the resonance integral: the ORIGEN data library ORYX-E provides
a convenient source for this information.

(iii) GNASH is a modern code incorporating pre-compound emission
followed by a multi-step Hauser-Feshbach calculation. A considerable
quantity of input data is required for each case treated but the
performance of the code is most impressive. Not only are all the
particle emission reactions treated as well as radiative capture but
GNASH also yields isomer ratios (the relative population of metastable
and ground states of the daughter nucleus following a neutron induced
reaction). A complete library of cross-section data for CTR
applications generated using the GNASH code would be most welcome.

2.6 The composition of a neutron nuclear data library
The neutron cross-section library specified in the Appendix to ref

67 (and used here for the calculations reported in section 4) exemplifies the
manner in which the data sources listed in Table 1 can be utilized. Not
all the relevant material held in the evaluated files has yet been
incorporated. Whenever possible the particle emission cross-sections
calculated using THRESH-2 have been normalized at 14 MeV to the most
credible entry listed in the compilation by Tsukada22).

In principle, the multigroup cross-sections for reactions leading to
a metastable state are needed in addition to those for reactions leading
to the ground state, but it is most unusual for both sets of data
to be available. Therefore it is convenient to assume that the ratio of
populations of isomeric and ground states - the isomer ratio - is
independent of energy. Estimates of isomer ratios for thermal neutrons
can be found in the ORIGEN data library ^7) but comprehensive coverage is
also provided for 14 MeV cross-sections by Tsukada").

The cnly multigroup cross-section data library intended specifically for
activation calculations for fusion reactor structures which is readily
available is the 10O-group (GAM-II) library DLC-33 B constructed by D. Muir
from point cross-section data derived from ENDF/B3, UKNDL, Cook, Benzi and
other sources, heavily supplemented with THRESH calculated cross-sections,
made available by the Brookhaven National Laboratory . DLC-33B contains
only cross-sections leading to radionuclides. The library discussed above
used DLC-33B for its foundation.

2.7 Activation with 14 MeV neutrons

As a significant proportion of the activation and transmutation effects
in fusion reactor structures are caused by the high energy neutron flux
an approximate appreciation of the importance of these effects can be obtained,
independently of reactor blanket design, from an examination of the effects
induced by monokinetic 14 MeV neutrons. The Tsukada compilation is useful
here, for not only are the 14 MeV cross-sections listed, but also the half-
lives of any daughter radionuclides and also the initial activities following
a 4 month irradiation with 1O n/cm^s for each isotope. To estimate the
total activity for a structural material the many activities associated
with the constituent nuclides must be summed. This has been done by
Kamykowski ' who has provided a graphical presentation of the decay
activity for 19 elements irradiated for a period of 7 days in a 14 MeV neutron
flux of intensity lO1̂  n/cm̂ .s.

3. Review of the published literature on activation
The first published account of the activation and afterheat of the structure

of a fusion reactor was that made by Fraas and Postma-^l) in connection with a
study of the hazards associated with a D-T fusion power plant. The preferred
structural material was niobium which, although expensive, is still considered
a suitable material provided an industry can be built up around it by the time
that series ordering of fusion power stations becomes possible. This early choice
of niobium was unfortunate because, although niobium is a monoisotoplc element
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which superficially indicates a simple activation calculation, there are in fact
a plague of long-lived isomeric states which can be reached from Nb through
(n,n')f (n,2n) and (n,y) reactions for which the isomer/ground state branching
ratios are -even now - only approximately known. Because Fraas and Postma
considered the formation of Nb to yield the dominant activity they found that
the total activity for a5GW(th) reactor at shut-down would be 5 x 1O Ci
and the decay power to be only 5kW. Dudziak pointed out that inclusion of mNb
and 94mNb would alone raise the activity to !OloCi and the decay power to
3OMW: he also noted that molybdenum should offer similar properties to niobium.
Blow examined the activation chains for niobium more carefully, obtained
theoretical estimates for reactions for which data was lacking, and performed
calculations for the "first" wall of a simple blanket design. Steiner
calculated the total activity for this same blanket to be 2 x 1O Ci and the
decay power to be 5OMW when normalized to a 5GW(th) reactor. Comparison of
the results of Blow with those of Steiner shows that about 25% of the saturation
activity of the blanket (and 3O% of the afterheat) must be attributed to the
first wall: this comparison makes allowance for the omission of the 6.3 minute
isomer mNb from Blow's calculations. These results are proportionally reasonable
since the "first wall" contains 19% of the bulk of the structure. Blow 33'35)
also performed preliminary calculations for the Nimonic alloy PE16, which exhibits
activity and decay power values of about 4O% those for niobium, and also for molybdenum
for which the decay power falls off appreciably more rapidly than for either PE16 or
niobium. Steiner and Fraas then showed that the choice of vanadium as a
structural material results in a blanket for which the activity falls off with such
rapidity that recycle of the material might be possible, whereas niobium would have
to be deposited in a long-term storage area; this feature encouraged Steiner3''
to perform a detailed investigation of the use of vanadium in a neutron blanket,
relative to niobium as a standard material.

The pioneering phase of induced activation calculations can be considered
to have been concluded by the work of Nigg and Davidson who studied 316
stainless steel using .the blanket model of Blow and Steiner . The calculations
of Nigg and Davidson were relatively comprehensive (but nevertheless approximate) as they
included some 39 nuclear reactions; they concluded that the activity and decay
power for SS316 was comparable with that for niobium.

With the importance of activation calculations established it has become
obligatory for all complete design studies of fusion test rigs and conceptual
power reactors to include an assessment of the structural activation. These
studies are generally presented in report form only ~ . More readily
accessible are the proceedings of specialist conferences in which outlines of the
proposed designs are presented together (e.g. see ref 48). Of greater interest,
perhaps, are the publications in which the performance of different structural
materials and/or different blanket designs are compared. Thus Vogelsang, Kulcinski,
Lott and Sung compared the activation and afterheat of 316 stainless steel with
a niobium alloy (Nb-l%Zr) and a vanadium alloy (V-2O% Ti) when employed in the
blanket of the University of Wisconsin Tokamak Reactor (UWMAK-I). Their
calculations identified the major contributing radioisotopes and are in general
agreement with the results to be presented in the following section. In
particular, they noted that after 1O years of operation at a neutron wall
loading of 1.25 MW/m the 316 SS first wall induced activity (afterheat) was
3O% (25%) of the bulk blanket values and that after just 2 years operation
these values were 8O% (9O%) of those for 1O years. The first wall; bulk blanket
ratios are much as would be expected if only the portion of the blanket at
smaller radius than the reflector becomes significantly active. Dudziak and
Krakowski considered the use of the niobium and vanadium alloys (Nb-lZr and
V-20Ti) in a reference theta-pinch reactor design (RTPR); this is a most detailed
study which includes activation of the magnet coils as well as the blanket and
also compares the activity, afterheat and Biological Hazard Potentials with
Tokamak reactor designs and with fission reactors.

The conceptual reactor design studies include two schemes of particular
relevance since they lead to reduced structuralactivâtion. The first is the
Brookhaven National Laboratory (BNL) design ' ) which incorporates a minimum
activity blanket using a sintered aluminium product (SAP) for the structure and a
LiAl compound for the breeding material (since SAP is incompatible with liguid
lithium). The second scheme, that of the Wisconsin group , suggested
that the radiation damage suffered by any first wall material should be reduced by
shielding it with a graphite screen to soften the incident neutron flux. Although
this second concept may be of considerable value the implications are not
pursued in the present review.
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52)Conn, Sung and Abdou have performed the useful service of bringing
together five major blanket designs for intercomparison. These designs include

ORNL model of Fraas , the UWMAK-I design employed by Vagelsang et al
, the Princeton Plasma Physics Laboratory (PPPL) design 'which employs flibe

eF2) as a moderating and breeding material, the Lawrence Liyermore Laboratory
(LLL) mirror reactor blanket4̂ ) using lithium depleted to 4.0%in Li and the BNL
minimum activity blanket ' which employs lithium enriched to 9O% Li. Despite
the differences in designs and materials. Conn et al ' found that at shutdown
following a 2 year operation at a neutron wall loading of IMW/m2 the induced
activities in the blankets were within a factor of 4 and clustered at
1OOO Ci/kW(th) whilst the afterheat levels lay between O.5 and 5% of the thermal
operating powers, with a maximum afterheat power density of only 'v/O.2W/cm̂ . They
also quoted the specific activities of the various first walls (in disintegrations/
sec.cm ) : the two stainless steel structures (LLL and PPPL) give similar results
despite the very different blanket designs.

Effectively in continuation of earlier work by Steiner̂ ) for niobium and
vanadium, Williams, Santoro and Gabriel further intercompared niobium, 3O4
stainless steel and nimonic 1O5 using the blanket configuration of Fraas38'
and concluded that 3O4SS offers the best neutronic responses of these materials.54) 45)Similarly, Vogelsang extended the earlier work with the UWMAK-I blanket
to an investigation of five alloys based on molybdenum (TZM), steel(316SS),
vanadium (V-2OTi), niobium (Nb-lZr) and aluminium (A12O24). The article by
Kessler and Kulcinski provides a valuable tabulation of the data presented
graphically by Vogelsang and also compares the environmental damage potential
for fusion with that for the fast reactor. These studies are adopted as the model
for the activation calculations presented in the following section.

More recently, Rovner and Hopkinŝ "' have considered the use of ceramic
materials such as silicon carbide and carbon as potential first wall materials:
the activation of such structures is negligible - indeed, it is probably
determined by impurities - but the technology requires much development.
Finally, Gruber ' has broken new ground by investigating the effect of impurities
in beryllia, graphite, 316 stainless steel and the alloy V-lOCr-lOTi using an
unusual blanket designed to minimize the lithium inventory by breeding with
thermal and epithermal neutrons only. Since the strong thermal neutron flux
generates more long-lived radionuclides than in a conventional blanket design the
activity falls off relatively slowly.

To conclude this section we note that the fusion reactor blanket activity
and afterheat are strongly dependent on blanket design and operating conditions,
including

(i) the choice of structural material
(ii) the general design principle (minimum activity, minimum Li inventory, etc)
(iii) the choice of moderating material (graphite or stainless steel) and

its location relative to the first1 wall
(iv) the volume percent of structural material in the blanket.

Nevertheless, for a particular structural material, a standard neutron wall loading
(say, 1 MW/nr) and a standard operating period (say, 2 years) it is found that
the specific activity and afterheat of the first walls are little dependent on
blanket design and that extant designs lead to surprisingly similar activity and
afterheat values for the bulk blankets.

4. Detailed calculations for a typical blanket
In the present review our primary interest lies in assessing the accuracy

and completeness of the nuclear cross-section data and decay schemes and not
in discussing the merits of different blanket designs with regard to operational
or environmental hazards associated with the activation of the structure. It
is for this reason that we have chosen a very simple blanket model with which to
compare different structural materials by a straight volume for volume substitution,
assuming any changes in the neutron spectra resulting from the substitution to
be negligible. In our model5^ the first wall thickness is taken to be 1cm, with
a 73.6cm lithium breeding zone (5% structure by volume) and a 45.8cm reflector.
This corresponds to the design chosen for the Culham Conceptual Tokamak Mark II ̂ '.
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The neutron fluxes and spectra have been calculated using the transport
code ANISN for a large number of blanket segments or intervals. The first

is insensitive to design detail and is essentially the16!)wall neutron spectrum"
same as that listed by Gabriel et al0-"-' . Strictly, the gross activity of the
blanket should be determined by computing the activity of each interval and
summing. However, the neutron spectrum does not alter drastically within the
breeding blanket, although the flux falls about an'order of magnitude, so that
for low to moderate fluence irradiations it is probably adequate to sum the
neutron spectra, suitably weighted by the appropriate flux and volume of the
region, and to perform a single activation calculation. This approximation is
strictly valid only when the constituent nuclides of the structure are essentially
undepleted and the burn-up of reactions products is negligible.

For the present calculations the irradiation period was chosen to be 2 years
and the neutron wall loading to be 1.25MW/m to facilitate direct comparison
with the presentations of Vogelsang54) and of Kessler and Kulcinski"' which
relate to the UWMAK-I blanket (being reasonably similar to the Culham blanket).
It is evident that the larger portion of the blanket activity will be contained
within the first walls and breeding zones of these two blanket designs. We
would thus predict the specific activities in the first walls to be closely
similar for the two blankets, and would not expect the bulk blanket activities
to differ by as much as a factor of two. Thus, whilst small discrepancies
between the two sets of calculations could be attributed to differences in blanket
design, the cause of any major discrepancies is most likely to be found following
a comparison of the quality and extent of the nuclear data libraries on which the
calculations are based.

Table 2: Comparison of Induced Activities (Ci/kW(th) for five CTR structural
materials at shutdown after 2 years operation at a neutron wall load-ing of 1.25 MW/nr ————————————————————

Isotope

H3
Na24
Mg27
A126
A128
Ca45
Sc46
Sc47
Sc48
Sc49
Ti45
Ti51
V49
V52
Cr51
Mn53
Mn54
Mn56
Mn57
Fe55
Fe59
Co56
Co57
Co58
Co58m
Co60
Co6Om
Ni57
Ni 59
Ni63
Cu64
Zn65
Sr89
Sr9O
Y9O
Y91

Half-life

12.3 y
15.0 h
9.5 m
7.4 105 y
2.3 m
165 d
83.9 d
3.43d
1.83d
58 m
3.09h
5.8 m
330 d
3.75m

27.8 d
1.9.106Y
303 d
2.58h
1.7 m
2.6 y

45.6 d
77 d
270 d
71.3 d
8.9 h
5.26y

1O.5 m
36 h
8.1o4y
92 y
12.8 h
245 d
52.7 d
27.7 y
64 h
58.8 d

SS316

2.2
0.11

15 O -4 22.10 ^
2.10 4£2
2.1O"3î,2
2 . 10"3
7.10-4
4 . 1O"6
0.16
3.0

54.6
1O3
9.1O-6

80.9
244
2.55
266
3.72 h
5.2
141 h
114
51
3.85
1.68JI
4.01
1.10"3
O.O7
3.10-4

5.10~6Jl2
7.1O"8fc2
2.10-5
3 . 10~5

TZM

0.58

O.56
0.56
0.44
0.84
O.O3
0.02
6. 02

6.10~3
0.05
0.02

V-Ti

4.01

10.3
10.4
13.9
42.1
0.56
0.41

72.9
1.8
284
O.041

Aï-2024

0.15
240
182
1.1O~4
47.6

3.10-4
5.10"3
0.37
0.187
2.10-8
3.82
4.O2Î.
7 . 1O"3
O.7O
O.O1

0.26
0.46

O.O7
42.1
0.73

Nb-lZr

1.6

0.025
5.10-4
16.7
0.25
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Table 2: cont.

Isotope

Zr89
Zr95
Zr97
Nb91m
Nb92m
Nb93m
Nb94
Nb94m
Nb95
Nb95m
Nb96
Nb97
Mo91
Mo93
Mo93m
Mo99
MolOl
Tc99
Tc99m
Te 101

Half-life

78.4 h
65.5 d
17.0 h
62. Od
10.2 d
13.6 y
2.10*y
6.3 m
35 d
9O h
23.4 h
72m
15.5 m
1.10 y
6.9 h
66.7 h
14.6 m
2 . 105y
6.O h
14 m

Totals
(Kassier & Kulcinski)

SS316
0.17
O.O9
O.O9
0.11
0.33
5.10"5 h
9.10~6
O.O6
O.59
2.10~3£2
0.27
0.35 h
1.79
1.10-3
2.60
27.7
7.88
2.10-4
24.1
7.88

1191
(1062)

TZM

6.30
3.04
2.93
3.76
10.7
2.10 h
3.10-4
1.83
19.6
O.O7Î,2
9.03
11.5 h
59.0
O.O4«,
85.5
910
259 -36.10
791
259

2460
(4120)

V-Ti

441
(1261)

Al 2024

603
(884)

Nb-lZr

4.09
1.20
0.25
0.16
576
46.3 h
0.31h
41OO
10.1
0.20Î,2
2.10~3
0.25

3 . 10~3

477O
(5155)

Notes; 1 The primary blanket includes the first wall, breeding zone and
manifold space of the CCTR-II design. Reactor first wall area
is nearly 1OOO m .

2 The assumed compositions are listed in Table 4.
The masses of the primary blanket structural materials per m2
of first wall are: SS316, 1.39 tonnes; TZM, 1.58 tonnes; V-20TÏ, 0.96
tonnes; AJ12024, O.49 tonnes; and Nb-lZr, 1.47 tonnes.

3 To convert activity from Ci/kw(th) to Ci/m2 multiply by 1.78 x 103.

Comparing the activities quoted in Table 2 with those given in Table V-XV
of réf. 55 shows that, true to expectation, the majority of the nuclide activities
are indeed well within a factor of 2 of each other for all five materials investigated.
VJiere large differences occur (greater than a factor of 5) the offending activity
is marked in Table 2 according to whether it is higher (h) or lower (1) than
the réf. 55 value. For very large differences an obvious possibility is that
a particular reaction path has been neglected in one set of calculations.

We note that most of the cases where we find the activity to be lower are
examples of nuclide production through successive neutron reactions with the
nuclide abundance varying with the square of the irradiation period: these
cases are accordingly marked It?. For lesser differences (factor between
2 and 5, say) the discrepancy is probably no more than a reflection of the
uncertainty in a particular cross-section or branching ratio.

An example of a potentially important reaction cross-section which has
been the subject of some discussion is afforded by the production of ^Nb
and 95mNb from 93Nb by successive neutror» capture reactions. Because the
thermal and resonance cross-sections of Nb are 15 times the cross-sections
of Nb it has been assumed33 »34) that the same factor is applicable over the
whole energy range; it Was further assumed that 90% of all captures in 94Nb
lead to mNb. The apparent importance of this reaction was discussed by Persian!
et al 2) who proposed an integral measurement to determine the capture cross-
section in a fast, fission spectrum. This experiment was later performed by
Turk and Harker who found the Nb capture cross-section to be 236 + 18mb,
rather similar to that for ̂ 3Nb in such a spectrum; they further found~the
branching ratio to 95mNb to be only 2%. These results support the statistical
model calculations of Poenitz64) which predicted a high energy 94Nb capture
cross-section of less than half the 93Nb_cross-section, and a branching ratio
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Table 3. First wall radioactivity following a 2 years irradiation at 1.25 MW/m**

Alloy

SS316
V-2OT1
Nb-lZr
TZM
A12024

Natural
Uranium

Specific
T=O

101
20
144
101
48

activity
1 day

68
6.3
56
59
7.0

6

(Ci/cm3) for
lyr

28
0.77
2.9
0.10
0.26

x ID'6

decay period T
3OOyrs
8 x 10~4

4 x 10~8

6 x 1O~3
5 x 10~3

6 x 10~4

First wall activity at T=0
Blanket activity

48%
25%
17%
23%
45%

2 years operation
1-25 MW/m2

• \\ :\\\:-<

10"6

10 102 103 104 105 106 107 108 109 1010 1011 1012 1013 10K

Time after shutdown (sees )
Fig. 1. Decay of .induced radioactivity of the CCTRII blanket.
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of 1O%. Accordingly, we have taken the y4Nb(n,-y) cross-section to be equal to
that of 93Nb for energies above 1 keV, with a 2% branching ratio. The Mb
production is now clearly unimportant. A reaction which is important for niobium
is Nb(n,n')93mNb, for which the cross-sections are taken from the work of Hegedus"5'

4.1 Discussion of activity calculations
The blanket activity builds up very rapidly, reaching 1O% of its

saturation level within an hour from start-up for all five structural materials.
Only 316SS fails to achieve 9O% of its equilibrium level within a month (316SS
actually takes 6 years). The effects of blanket depletion become apparent
after 10D years of operation at 1.25 MW/m2.

The specific activities of the first wall materials following a 2 year
irradiation at 1.25 MW/m2 are indicated in Table 3 for several decay periods;
the activity for natural uranium is provided for comparison. Also indicated
are the first wall activities expressed as a fraction of the corresponding bulk
blanket value. These fractions fall in the range 17 to 48%, demonstrating how
the major contribution to the activity is due to the inner portion of the
breeding blanket only. The front wall activities for each individual nuclide
mostly bear the same ratio to the bulk blanket values as for the total
activities although for a few nuclides produced by high Q-values reactions
the front wall activity closely approximates the total.

The rate at which the induced activity in the blanket decays is illustrated
in fig 1. There are four time scales of particular interest;(i) from shut-down
to 1 day, of relevance for possible accident situations, (ii) from 1 day to
1 month, of relevance for maintenance and repair operations, (iii) from
a few years to a few tens of years, where consideration may be given to recycling
the structural materials or to depositing them in short-term storage prior to
permanent disposal, and (iv) for decay times of 1OO years or more for
considerations of eventual releases of activity to the environment by leaching
by ground water, etc. The relative activities of the three alloys 316SS
Nb-lZr and TZM fluctuate with decay period such that there is nc
preference for any one at all times. As expected, the aluminium and vanadium
alloys possess a clear advantage with the vanadium activity essentially
vanishing after a decade or so - a feature which could, of course, be modified
by the presence of minor impurities. In principle the activity of certain
materials (e.g. molybdenum) can be reduced by the futuristic device of
isotopic tailoring

Whilst the listing of nuclide activities for the several alloys (Table 2)
represents the primary result of our calculations it does not provide the
best measure of the relative hazards expected. Of greater relevance are
the structural afterheat, y-dose rates and biological hazard potentials: for
a full presentation of these responses see ref 67. In general, the agreement
between the results obtained in the present calculations with those given by
Kessler and Kulcinski") is entirely adequate for current purposes although
a detailed comparison does uncover a number of discrepancies.

4.2 Transmutation in structural materials
It is obvious that the progressive transmutation of a metal or alloy

into elements not originally present must ultimately have a disastrous effect
on the mechanical properties of the metal or alloy. Since the addition of an
alloying element at the level of 1% or less has an observable effect on the
behaviour of many materials it is likely that the permitted level of transmutant
impurities may be even lower. Transmutation damage may be apparent at modest
fluences if the new elements form an alloy possessing a different
crystal structure from the parent metal whereas if they merely go into solid
solution with the parent metal the effects may not be important until very high
fluences have been attained.

The transmutation rates exhibited by the structure depend on the location
within the blanket. Usually the first wall is most at risk but in some blanket
designs ' the important transmutation products result from (n,y) reactions
which are important in the interior of the blanket where an appreciable
thermal neutron component is found. Beyond the primary blanket the effects
of transmutation on the insulation properties of electrical insulators and on
the resistivity of super-conducting materials have to be considered: the
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Table 4. Major Transmutation Effects in First Wall Materials

Element Initial Composition
(at. %)

\
Composition change rate
(appm per MW-yr/m2)

b)Composition (at %)
2 yr lOyr | 30yr

Type 316 stainless steelc)

Fe
Cr
Ni
Mn
Mo
Si
Ti
V
Co

62.9
19.0
12. 0
2.0
2.0
2.0
-
-
-

-334 (-1224)
+ 57
-343 (-177)
+411 (+1160)
- 17
- 17
+ 52 (+45)
+126 (+177)
+ 38

62.9
19.0
11.9
2.0
2.0
1.99
0.012
0.031
O.O29

62.5
19.1
11.6
2.5
2.0
1.98
0.065
0.16
O.47

60.9
19.4
10.8
4.0
1.93
1.94
0.2O
0.46
0.072

V-20 Ti

V
Ti
Cr
Sc
Ca

84.0
16.0
-
-
-

-415 (-162)
+298 (+53)
+ 86 (+99)
+ 20 (+9)
+ 11

83.8
16.1
0.022
O.O05
O.OO4

83.4
16.4
0.11
O.O24
0.013

82.2
17.3
0.31
0.073
0.039

Nb-lZr
Mb
Zr
Y
Mo

99.25
0.75
-
-

-1274 (-1485)
+1238 (+1473)
+ 15 (+ 12)
+ 21

98.9
1.06
O.OO4
O.O02

97.7
2.30
O.O19
O.O26

94.4
5.35
O.O66
0.19

TZM

Mo
Ti
Zr
Y
Mb
Tc
Ru

98.9
1.0
O.10
-
-
-
—

- 926
2

+ 63
+ 10
+ 181
+ 583
+ 91

98.4
l.O
0.11
O.OO3
O.O46
O.15
O.O2

97.7
0.99
O.18
O.012
0.227
0.73
O.ll

95.6
O.99
0.34
O.O36
0.67
1.98
O.41

Al 2O24

Al
Mg
Si
Cr
Mn
Fe
Ni
Cu
Zn

93.52
3.02
0.48
O.O46
0.45
0.24
_

2.15
O.O98

- 420
+ 372
+ 15
+ 9

8
2

+ 51
- 57
+ 10

93.3
3.1
0.48
O.O48
O.45
O.24
0.013
2.14
O.1O

93.0
3.5
O.50
O.058
0.44
O.24
O.O64
2.08
0.11

91.9
4.38
0.53
O.O8O
0.42
0.23
0.18
1.92
0.13

a) Averaged over first 10 years
b) Wall loading 1.25 MW/m2
c) Values in parentheses are from Vogelsang et al 49)

magnitudesof these effects are highly dependent on the details of the blanket
and shield design and fall outside the scope of this review.

It is to be expected that transmutation will be more serious for a monoiso-
topic element (such as niobium) than for an element (such as molybdenum)
which possesses several stable isotopes since for many of these isotopes the
(n,y) and (n,2n) reactions merely lead to another stable isotope and the
physical and chemical properties of the material are not thereby altered.
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Furthermore, as it is likely that any material chosen for structural purposes
will be an alloy (often comprised of neighbouring elements), the influence
of transmutations may be less than appears initially to be the case.

Transmutation rates in first wall materials have been calculated by
Blow35) (Nb, Mo, PE16), Steiner37* (Nb, V), Vogelsang et al49' (SS316, V-2OTi
and Nb-lZr) and Rovner and Hopkins ' (ceramic materials, including SiC and
AI O ). We restrict our present concern to the five alloys considered
earlier (Nb-lZr, TZM, V-20Ti,A12024 and SS316). The transmutation effects
computed with our library are tabulated in Table 4 in a manner permitting
direct comparison for SS316, V-2OTi and Nb-lZr with the results of Vogelsang
et al49'. The agreement between the two sets of calculations is rather poor:
the reason for this is not obvious.

As expected, the largest transmutation rate we observe is for Nb-lZr, where
the Zr composition increases to 5.3% after 37.5 MW-yr/m . The increased
concentration of Zr reduces the ductility of the metal The solubility limit
for Zr in Nb is about 15 at.% for temperatures below 6OOQC, implying a
useful lifetime wall loading not exceeding about 1OO MW-yr/m^. The production
of Mo is evidently negligible: even with the very large Nb(n,y) cross-section
used by Blow33' and Steiner37) the production of molybdenum, through the
reactions 93Nb(n,y) 94Nb(ny)-̂ ». 95Mo was small compared with the production
of zirconium through the more direct route Nb(n,2n) 92m Nb—-—-92Zr. Similar
lifetime estimates can be associated with the other materials provided the
relevant solubility limits are known.

4.3 Gas production
The generation of hydrogen and helium gases by transmutation reactions

induced by neutrons is of great importance in determining the useful lifetime
of structural materials in a fusion reactor. In the absence of gas production
the lifetime is determined by the number of displacements suffered by each
atom due to neutron scattering and reactions; the migration of the lattice
vacancies and interstitials results in a volume swelling and loss of valuable
physical properties such as ductility, creep resistance, crystal form and
alignment, hardness, etc. The addition of gas production, primarily dependent
on the presence of the high energy component of the neutron flux, facilitates
void nucleation and enhances the swelling. Thus, a knowledge of both
displacement and gas production rates is essential in characterizing the
radiation damage suffered by a material: the latter effect is of far greater
importance for fusion reactors than for fission reactors.

Displacement rates calculations involve an appeal to a model in order to
relate the calculable primary knock-on atom (PKA) energy spectrum to the
production of atomic displacements. Such calculations fall outside the scope
of the present review although certain results are included for completeness.
Gas production estimates, on the other hand, can be made directly from a
nuclear data library prepared for activation calculations. Alternatively, one
could utilize the library of nuclear scattering events compiled by Gabriel,
Amburgey and Green (RECOIL) to derive displacement and gas production rates
for any desired neutron spectrum. Gabriel, Bishop and Wiffen̂ ' used this
procedure to obtain dpa and gas production estimates for several alloys and
for a number of pure elements for a first wall neutron spectrum very
similar to that for the CCTR II first wall. Their results are reproduced
in Table 5, together with gas production rates obtained from our nuclear
data library.

Comparison of the two sets of gas production figures in Table 5 shows that
good agreement is rarely found. This cannot be attributed to differences bet-
ween the neutron spectra. The source of any large differences must therefore
be sought in the nuclear cross-sections. The RECOIL data base possesses a
significant advantage in that it can use cross-sections appropriate to the
element (for which precise measurements are most likely to be available)
whereas an activation library contains only isotopic data which, when
summed to simulate the elemental data, is likely to be less accurate. On
the other hand, the RECOIL library contains only data held in ENDF/B4
whereas the activation library provides estimates for all contributing reactions
as required; consequently, it is not surprising that the activation library
hydrogen production estimates are generally the higher. It is evident that
a careful study of all contributing reactions and an assessment of the cross-
section uncertainties is required before a definitive set of gas production
rates can be obtained.
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Table 5. Estimates of dpa and Gas Production Rates for a fusion reactor first wall
with a wall loading of

6Li
7Li
10B
1:LB
C
N
O
Mg
Al
Si
Ti
V
Cr
Mn
Fe
Co
Cu
Nb
Mo
Ni

Displacement Damage
(dpa/s) (xlO~7)
(from ref 61)

_
-
-
-
-
-
2.8O
4.63
4.61
5.03
3.63
3.58
3.58
3.62
3.60
4.88
2.31
2.38
3.87

Helium
(appm per MW-s/m2) (xlO~7)

ref 61

3081
360
8980

23.6
604
205
118
147
1O1
159
33.5
15.0
32.6
26.7
34.9
23.1
31.8
9.18
-

130

This work

2370
365
6680
26.7
-

167
126
281
112
244
49.3
17.0
74.7
34.9
51.1
38.9
45.3
9.83
21
69

Hydrogen
(appm per MW-s/m ) (xlO~7)

ref 61
3071
367
28.7
12.5
-

144
41. 0
148
94.5
298
49.7
78.2
100
1OO
151
73.7
173
33.3
-

397

This work

2370
365
213
14.2
-

120
47.9
146
104
255
1OO
144
135
230
153
210
239
85.5
53

8O1

Table 6. Reported Gas Production Rates for Various Materials (appm per MW-yr/m^)

Material

SiC
SAP
A12O24 (Al)
V-2OTÎ (V)
PE16
SS316
Nb-lZr (Nb)
TZM (Mo)

Helium

Fusion First wall

1595
409
319-344 (365)
59 (73)

199-240
144-238 (195)
24-32 (32)
47 (66)

PFR»)

29
41

2.8
5.3

Hydrogen Isotopes

Fusion First Wall

44O
779
298-306 (347)
229 (429)
783-1149
405-611 (713)
76-114 (275)
95 (167)

PFRa)

145
1OO

554
20
34

a) Fast Reactor flux (FD5 spectrum) 0 = 8.45 x 1O15 n/cm2 sec.

Estimates of gas production rates for a variety of first wall materials
and blanket designs are available in the literature. The range of estimates
for several alloys is illustrated in Table 6, together with our activation
library estimates (in parentheses). These are seen to be generally high.
An interesting test of our library is available through comparison with
the gas production measurements on 316 steel in a 15 MeV neutron flux by
Haight et al : we predict a cross-section for helium of 54mb and for hydrogen
of 263 mb, compared with measured values 48 +_7mb and 26O +_ 38 mb, respectively.
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Fig 2. Illustrating the individual nuclide contribution to the

activity of a 316 S.S. primary blanket.

The gas production rates considered above refer exclusively to first
wall irradiations with no prior neutron moderation. The effects of
spectral shifting have been considered by Conn et al51' and the variations
of gas production rates with depth have been considered by Santoro, Baker
and Barnes'0'.

5. Identification of important reactions

An assessment of the nuclear data requirements and indications of the precision
needed can be obtained by inspecting the relative contributions of the many nuclides
to the major responses described in section 1. This assessment
is appropriate to the group-averaged cross-sections only. A first attempt
at producing lists of data requirements is presented below for the five
alloys with compositions as presented in Table 4, taking the induced
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activity in the primary blanket, and the major transmutation products and
gas production rates in the first wall to be the three responses of greatest
interest.

5.1 Structural activation

The basic information with respect to structural activation was presented
in Table 2 but can be assimilated more readily from figures such as fig. 2
in which the total activity for 316 S.S. is plotted against decay time
as before but, in addition - as suggested by Gruber - a point is plotted
for each radionuclide corresponding to its initial activity (at shutdown)
at a decay time equal to its decay half-life. The decay curves for all
individual radionuclides on this log-log plot are of the same shape and
pass below the corresponding plotted points since the activities will have
decayed to half their shut-down values in the decay period equal to the
half-lives, provided there is no generation of the chosen nuclide due to
the decay of others. The relative importance of all the nuclides can now

Table 1 ; Cross-section requirements for primary blanket activity calculations

Radionuclide
a)

Maximum
Contribution
to activity (%)

c)Reaction Accuracy
factor b)

316 S.S.
V52
Mn56
Mo99
Cr51
Co58
Co5 7
Mn54
Fe55
Co6O
Mo93

Ni 59

Tc99

Mn53

5
10
3
10
15
2O
12
86
10
30

8O

4O

97

Cr52(n,p)
Mn55 (n,Y)
Mo98 (n,y)
Cr52 (n,2n)
Ni58 (n,Y)
N158 (nd)
Mn55 (n,2n)
Fe56 (n,2n)
Fe54 (n,y)
Ni60 (n,p)
Mo94 (n,2n)
Mo92 (n,Y)
Ni58 (n,Y)
Ni6O (n,2n)
Mo98 (n,Y)
MolOO(n,2n)
Fe54 (n,d)

5
2.5
8
2.5
1.7
1.2
2
0.25
2
2.5
1.3 *
2.2 *
0.4
1.0
1.6
1.7
O.25 *

Nb-lZr

Nb94m
Nb92m
Nb95
Nb93m
Nb94
Zr93

Nb92

V52
TÎ51
Sc48

Sc47

Sc46

Ca45
V49

85
85
5
95
1OO
40

1OO

Nb93 (n,Y)Nb94m
Nb93 (n,2n)Nb92m
Nb94 (n,Y)
Nb93(n,n')Nb93m
Nb93(n,Y)
Nb93(n,p)
Zr94 (n,2n)
Nb93(n,2n)

0.3
0.3
5 (d
0.25 *
0.25
O.6 *
1O
0.25

V-2OTÏ

64
17
49

17

35

41
90

V51(n,Y)
V51 (n,p)
V51 (n,a)
Ti48(n,p)
Ti47(n,p)
V51 (n,n'a)
Ti46(n,p)
Ti47(n,d)
Ti48(n,a)
V50 (n,2n)

0.4
1.6
0.5
10
3
3
0.7
1O
0.6
O.3 *
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Table 7 (continued)

Radionuclidea) Maximum
Contribution
to activity (%)

Reaction Accuracy
factor b)

TZM
Mo 101
Tc99m
Mo93m
Mo99

Nb92m
Nb95

Nb91m
Ca45
Zr95
Sc46
Nb93m
Mo93

Tc99

10
32
4
50

5
60

16
12
15
3
40
50

lOO

MolOO (n,y)
Mo98(n,y)Mo99 — }
Te 99m

Mo94(n,2n)Mo93m
Mo98 (n,y)
MolOO (n,2n)
Mo92(n,p)Nb92m
Mo95(n,p)
Mo96 (n,d)
Mo97 (n,t)
Mo92 (n,d)Mo91m
Ti48(n,a)
Mo98 (n,a)
Ti46 (n,p)
Mo93 decay
Mo94 (n,2n)Mo93

(— > Nb93m)
Mo92 (n,Y)
Mo98 (n,Y)

Al 2024
Al 28
Mg27
Cu64

Na24

Zn65
Mn54

Fe55

Co6O
Ni63

Al 26

8
32
14

82

12

64

30

17
99

120

A127(n,Y)
A127(n,p)
Cu63(n,Y)
Cu65(n2n)
A127 (n,a)
Mg24 (n,p)
Zn64(n,Y)
Zn66(n,2n)
Mn55(n,2n)
Fe54(n,p)
Fe56(n,2n)
Fe54(n,Y)
Cu63(n,a)
Cu63 (n,p)
Cu65(n,t)
A127(n,2n)

2.5
1.3 *
6
0.5 *
2
5
0.4
8
7 *
1.6
2
1.2
8

0.5 *

1.0 *
0.25 *

3
0.8 '
2
6
O.3
7
2 *
5
0.4
10
0.8
7
1.5
0.25 *
4 *
0.25

Notes a) Radionuclide listed in order of half-life (shortest at top of table)
b) Accuracy needed is tabulated cross-section X accuracy factor;

the star * indicates reactions where desired accuracy may not yet be
available.

c) (n,d) implies (n,n'p) + (n,d), (n,t) implies (n,npn) + (n,n'd) + (n,t)
d) Target unstable (Nb 94 only).

be appreciated immediately. Assuming the total activity is required for
all decay periods to an accuracy of 25% then the production of the nuclides
listed in Table 7 should be known with the accuracies specified. It is
assumed, perhaps optimistically, that all reaction cross-sections have been
measured or estimated to within a factor of ten or their true values so
that radio-nuclides contributing less than 2.5% to the aggregate activity
have been excluded. For simplicity each radionuclide is considered as if
it alone contributed to the uncertainty in the total activity.

Because the neutron flux and irradiation period are rather modest it
is found that, with one exception, only reactions involving the constituent
nuclides of the alloys contribute significantly to the total activities.
For each alloy only four or five reaction cross-sections are needed to the
highest accuracy (̂ 25%). Those reactions for which measurements or estimates
appear, at first sight, not to provide the desired precision are indicated
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in Table 7. A more careful study of the literature is needed before
any recommendations regarding the need for further measurements can be
made. —'

5.2 Transmutation
Only those reactions which are important for determining the transmutation

effects in first wall materials as summarized in Table 4 are considered here.
Each composition change rate entered in Table 4 is the aggregate of a number
of reactions which may lead to either a gain or a loss for the selected element.
In order to restrict the list of notable reactions to manageable form we
adopt a selection level of 1O% or more of the net transmutation rate for
each element, and assume that the net rate is required to an accuracy of 1O%, i.e.
minor elements for which the composition increases by less than 1O% of
the change rate for the major constituent are omitted. Whether or not the
transmutation products are important depends on metallurgical considerations
which are not discussed here. The major transmutation reactions are listed
in Table 8; each reaction may appear twice - once as a loss and once as a
gain. The desired accuracy is listed for each reaction. The selection
of reactions for inclusion in Table 8 is dependent on the time-scale considered
for the irradiation period: we have adopted a period of several years, this
is longer than the decay periods of the majority of the radionuclides
formed.

Table 8. Major first-wall transmutation reactions

Element

Fe

Cr

Ni

Mn

Ti

V

Co

Ti

V

Cr

Gain/loss

+
+

+

-

+

+
+

+

+
+
+

+
+

-

+

Reaction

316SS

Fe56(n,2n)Fe55 — j Mn55
Fe56(n,ct)Cr53
Ni58(n,p)Co58 — > Fe58
Ni58(n,d)Co57— * Fe57

Cr52(n,2n)Cr51— •> V51
Cr52(n,a)Ti49
Fe56(n,a)Cr53
Ni58(n,p)Co58
NiB8(n,d)Co57 — » Fe57

Mn55(n,Y)Mn56— ) Fe56
Mn55(n,2n)Mn54 — J Cr54
Fe56(n,2n)Fe55 — ) Mn55

Cr52(n,a)Ti49
Cr52 (n,na)Ti5O

Cr52(n,2n)Cr51— } V51

Ni6O(n,p)Co6O— ) Ni6O
Ni6O(n,d)Co59
Ni62(n,a)Fe59 — ) Co59

V-2OTi

V51(n,a)Sc48— > Ti48
V51(n,d)Ti50

V51(n,Y)V52— ) Cr52
V51(n,a)Sc48 — > Ti48
V51(n,d)Ti5O

V51(n,Y)V52— ) Cr52

Accuracy
factor

0.2
0.5
0.6
0.4*

O.2 *
0.5
0.5

0.3
0.2 *

O.5
1.0
0.1 *

0.2 *
0.5 *

O.13 *

0.2
0.5
0.3 *

O.7
0.1 *

0.5
1.0
0.2 *

0.1 *
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Table 8 cont.

Element

Nb

Zr

Mo

Zr

Nb

To

Al

Mg

Ni

Cu

Gain/loss
(+/-)

-

+
+

-

+
+
+
+

+
+
+

4
+

-

+
+

+
+
+
+
+

-

Reaction

Nb - IZr

Nb93(n,2n)Nb92m— * Zr92
Nb93(n,d)Zr92

Nb93 (n,2n)Nb92m _ > Zr92
Nb93(n,d)Zr92

TZM

MolOO(n,2n)Mo99 — » Tc99
Mo98(n,y)Mo99 — >> Tc99
Mo92(n,2n)Nb91
MolOO(n,Y)MolOl— » TclOl — ) RulOl

Mo94(n,a)Zr91
Mo95(n,n'a)Zr91
Mo98(n,n'a)Zr94
Mo97 (n,a)Zr94

Mo92(n,2n)Nb91
Mo92 (n,p)Nb92
Mo94(n,d)Nb91

Mo98(n,y)Mo99 — > Tc99
MolOO(n,2n)Mo99 — » Tc99

Al 2024

A127 (n,a)Na24 — >• Mg24
A127(n,d)Mg26
A127 (n,a)Na24 — J Mg24
A127(n,d)Mg26

Cu63(n,2n)Cu62 — > Ni62
Cu65(n,2n)Cu64— ̂ Ni64
Cu63(n,y) Cu64— * Ni64
Cu63(n,p)Ni63
Cu63(n,d)Ni62

Cu63(n,2n)Cu62 — > Ni62
Cu63 (n , y ) Cr64 — » Ni64+Zn64
Cu65(n,2n)Cu64— -> Ni64+Zn64
Cu63(n,p)Ni63
Cu63(n,d)Ni62

Accuracy
factor

0.1
O.4 *
O.I
O.4 *

0.25
0.3 *
1.0
1.0

0.3 *
O.5 *
1.0 *
1.0 *

0.25
O.5
0.7

0.25 *
0.16 *

O.I
0.6

O.I
0.6

0.3
0.5
l.O
l.O
l.O

0.3
0.6
0.5
1.0
1.0

5.3 Gas production

In Table 9 the reactions contributing significantly to the total hydrogen
and helium gas production rates are tabulated for the five alloys.
We have chosen to list those reactions which contribute 2% or more of the
gas production for each alloy and give accuracy factors for each reaction appropriate
to a 1O% uncertainty in the total. The contributions from impurity constituents,
notably N in stainless steel, have not been included. For precise estimates
of gas production the summation of isotopic contributions is likely to be less
preferable than summation of elemental contributions, since direct experimental
measurements are more readily available for elements than for isotopes.
Nevertheless, for high fluence irradiations some isotopic cross-section data
may be needed if successive reaction sequences are likely to be important.
As an example we refer to the sequence ^Ji (n,Y) Ni(n,a) ̂ e which provides
an important source of helium in irradiations of stainless steel.
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Table 9. First-Wall gas Production

Material

316 S.S.

Nb-lZr

TZM

V-20TÎ

Al 2024

Reaction (helium)

Fe54(n,a)
Fe56(n,a)
Fe56(n,n'a)
Ni58(n,a)
Ni58(n,rfo)
Ni6O(n,a)
Cr5O(n,a)
Cr52(n,a)
Cr52(n,n'a)
Cr53(n,a)
Si28(n,a)
Zr91(n,a)
Nb93(n,a)
Nb93(n,n'a)
Mo92(n,a)
Mo94 (n,a)
Mo94(n,n'a)
Mo95(n,n'a)
Mo96(n,a)
Mo96(n,n'a)
Mo97 (n,a)
Mo97 (n,n'a)
Mo98(n,a)
Mo98(n,n'a)
MolOO(n,a)
Ti46(n,a)
Ti47 (n,a)
Ti48(n,a)
V51(n,a)
V51(n,n'a)
Mg (n,a) ;
A127(n,a)

Accuracy

5
0.3
1
2
3
5
5
0.6
2 *
5
1

5
0. 13 *
0.2

0.7
O.6*
3 *
1 *
1.3*
2 *
1 *
2 *
1 *
1 *
2

1
4
O.5
0.2
1

1.4
0.11

Reaction (hydrogen)

Fe54(n,p)
Fe54(n,d)
Fe56(n,p)
Ni58(n,p)
Ni58(n,d)
Ni6O(n,p)
Cr52(n,p)
Si28(n,p)

Nb93(n,p)
Nb93(n,d)
Nb93(n,t)
Mo92(n,p)
Mo92 (n,d)
Mo94 (n,d)
Mo95(n,p)
Mo95(n,d)
Mo95(n,t)
Mo 96
Mo98(n,p)
MolOO(n,p)

Ti46(n,p)
Ti47 (n',p)
Ti48(n,p)
V51(n,p)
V51(n,d)

A127(n,p)
A127(n,d)
Cu63 (n,p)
Cu63(n,d)

Accuracy

1
5
0.3
0.7
0.4
5
1.5
5

0.3 *
0.18 *
1 *

O.3
0.5 *
2 *
0.8
O.5 *4 *
1.4
2
5

3
5
2
0.5
0.16*

0.14
0.5
1
1

6. Conclusion
In the present review we have considered the availability of nuclear data and

computational methods for calculations of structural activation, transmutation
and gas production in a fusion reactor. It is clear that the situation in both
respects is perfectly adequate for current purposes, where uncertainties of a factor
of two are acceptable. However, in the future design of a prototype fusion power
reactor there will be strong economic incentives to obtain more precise estimates -
an accuracy of +_1O% being a reasonable goal. Before this goal can be attained
there will need to be a considerable improvement in much of the nuclear reaction
cross-section data.
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APPENDIX I

SPECIFICATION OF NUCLEAR CROSS-SECTION LIBRARY FOR
ACTIVATION, TRANSMUTATION AND AFTER-HEAT CALCULATIONS

EXPLANATION OF SYMBOLS:-

NUCL NUCLIDE, SYMBOL AND ATOMIC NUMBER (M=METASTABLE)
(N,G) N,GAMMA CROSS-SECTION
(N,2N) N,2N CROSS-SECTION
(N,A) SUM OF N,A AND N,N3HE CROSS-SECTIONS
(N,P) N,P CROSS-SECTION
(N,D) SUM OF N,D AND N..NP CROSS-SECTIONS
(N,T) SUM OF N,T AND N,ND AND N.NNP CROSS-SECTIONS
(N,NA) SUM OF N,NA AND N,AN CROSS-SECTIONS
(N,N*) EXCITATION OF ISOMERIC STATE
T LIFETIME

* - STABLE
S,M,H,D,Y - SECONDS, MINUTES, HOURS, DAYS, YEARS

ABUND NATURAL ABUNDANCE(%}

DATA NOT WANTED, REACTION PRODUCT NOT IN LIBRARY
DATA WANTED FOR LIBRARY, BUT POSSIBLY UNIMPORTANT

ORIG.F DATA ALREADY AVERAGED FOR AN LMFBR SPECTRUM
ESTIM. ESTIMATED CROSS-SECTIONS.
THRESH DATA GENERATED FROM NUCLEAR MODEL (NOT N,G)
T2 IMPROVED MODEL THRESH2 (STILL NOT FOR N,G)
T2.NRM T2 X-SECTIONS NORMALIZED TO TSUKADA 14MEV DATA.
BENZI ITALIAN (NUCLEAR MODEL) DATA FOR (N,G)
COOK AUSTRALIAN (NUCLEAR MODEL) DATA FOR (N,G)
ALLEY CROSS-SECTIONS TAKEN FROM ALLEY AND LESSLER.
BNL-32 BNL-325
UKAEA UKAEA DATA FILES
ENDF/B ENDF/B3 OR B4 DATA FILES

NOTE: ORIG.F TYPICALLY UNDER-ESTIMATES N,G FOR A FUSION
REACTOR FIRST-WALL SPECTRUM BY A FACTOR OF
ABOUT 3, BUT IS COMPLETELY UNTRUSTWORTHY FOR
PARTICLE EMITTING REACTIONS.
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Abstract
Radiation damage problem is of vital significance for

fusion reactor design and originates from displacement of
atoms from their normal lattice sites as well as from nuclear
transmutations, especially those leading to the formation, of
hydrogen and helium. An outline of the radiation damage
effects resulting in bulk property changes is given and their
relation to nuclear data is discussed. The available methods
for studying radiation damage in metals are briefly mentioned.
The nuclear data needs relevant to radiation damage studies
are discussed. Data are needed primarily for neutron dosimetry,
for calculating displacement cross sections and for gas pro-
duction. A brief review of the status of available data is
given and the areas needing further experimental work are
described.

INTRODUCTION
It is now well known that in a fusion reactor the first

wall separating the vacuum zone around the confined plasma
from the blanket would receive a heavy energy load, somewhere
between 1 and 10 MW/m2, depending on the conceptual reactor de-
sign. This heavy load would originate primarily from the pre-
sence of fast neutrons and a-particles, both generated in the
fusion of deuterium and tritium, and would place more stringent
demands on the structural materials than in fast reactors. In
a fusion reactor higher radiation damage effects are expected,
although the total neutron flux at the first wall may be
lower than that in the core of a fast reactor. The anticipated
neutron energy spectrum at the first wall of a fusion reactor,
involving the fusion of deuterium and tritium, is shown [ 1] in
Fig. 1. For comparison the spectra for a fast reactor and a
thermal reactor are also shown. Evidently the neutron spectrum
in a fusion reactor will be appreciably harder than that in a
fast reactorj this is manifested more clearly if the high
energy parts of the spectra are plotted on a linear scale
[2,3].

The present demands on nuclear data for fusion technolo-
gy are primarily for design calculations pertaining to various
areas like tritium production and breeding, nuclear heating,
radiation damage, radiation shielding, etc. Nuclear data needs
for fusion have been discussed in general terms in several
review articles [ 1-4]. The present review deals with the spe-
cific topic of data for radiation damage. Since several
aspects of nuclear data needs for radiation damage have al-
ready been discussed [5], the emphasis in the present report
is on newer information and most recent trends in data needs.

RADIATION DAMAGE STUDIES

Sources of Radiation Damage
There are two main sources of radiation damage in metals,

viz., displacement of atoms from their normal lattice sites
and the formation of foreign atoms via nuclear transmutations.
We discuss the two sources below.
Displacement of atoms ; The displacement damage in a metal
under the influence of radiation is usually specified by the
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Fig. 1 Neutron energy spectrum at the first wall of a
fusion reactor compared with neutron spectra for
fast and thermal reactors (After Jarvis [ l]) .

Fig. 2

0.08 Qi2 me
Primary knock-on atom energy (MeV)

20 2.5

PKA spectra for iron at incident neutron energies
of 2.55 and 13.5 MeV. The various contributions are
indicated by A (n,n) , B (n, n1) , C (n,2n) and
D (n, charged particle). The (n, charged particle)
contribution has been increased tenfold for clarity
(After Doran et al [ 5]) .
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number of displacement events per lattice atom (dpa). It is
described by damage energy cross sections whose calculation
(cf., e.g. [6,7]) involves two steps:

a) determination of the primary knock-on atom (PKA)
energy spectrum, and

b) determination of how the PKA energy is partitioned
in the form of kinetic energy given to atoms and
excitation energy given to electrons.

For calculating the PKA spectrum in a material it is
essential to know the cross sections of all the nuclear reac-
tions in which the target atom receives a kinetic energy > E,,
where E, is an effective displacement threshold energy. PKA
spectra have been calculated using ENDF/B-IV data for a range
of atomic weights at several neutron energies. Typical PKA
spectra for iron [5] are shown in Fig. 2 for two incident
neutron energies. It is apparent that at low energies (n,n)
and (n,n') are the only contributing processes whereas at
higher energies (n,2n) and (n, charged particle) processes
also make some contributions. A solid state model is employed
to give the number of atoms displaced from their lattice posi-
tions by the primary knock-on. The original cross section is
multiplied by the number of displacements and on summing over
all collision types, the displacement cross section is ob-
tained. Typical displacement cross sections [4] for several
structural materials are shown in Fig. 3 as a function of

XT1 10° 101 102 103 10' 10s

Neutron energy (eV) — *•
106 K)7

Fig. 3 Displacement cross sections for Al, stainless steel
and Nb as a function of incident neutron energy
(After Maynard [ 4]) .

neutron energy. After an initial decrease in the cross sectionwith energy, it increases again with energy due to the in-
crease in the reaction cross section. Each displacement cross
section is composed of several contributing processes. This is
illustrated by the displacement cross-section curve for
aluminium [ 5] shown in Fig. 4. Evidently the (n,n) and (n,n')
processes are most important, but (n,2n) and (n, charged par-
ticle) reactions also contribute appreciably.

Nuclear transmutations ; In addition to the displacement
damage,fast neutrons bring about nuclear transmutations as
a result of which certain foreign elements are created within
the lattice and exist as dilute impurities (cf. [8J). These
foreign elements may or may not occupy the same sites as the
original niobium atoms and may strongly influence the develop-
ment of the damage microstructure leading thereby to property
changes. There is another aspect of nuclear transmutations
too, which is quite serious and involves the foramtion of
gases like hydrogen and helium via (n,xp) and (n,xce) reactions,
respectively.
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Nuclear transmutation, and especially gas production, is
normally not a very serious phenomenon at relatively low neu-
tron energies but is expected to be one of the major sources

3000

25 50 75 t)0 125 150
Neutron energy (MeV) —*•

175

Fig. 4 Displacement cross section for aluminium showing
contributions from various reactions, e.g. (n,n),
(n,n'), (n,2n) and (n, charged particle) processes
(After Doran et al [5J).

103

10°

0

Fig. 5

(n,p)-reactions

(n, a)-reactions

10 15 20 5 10
Incident neutron energy (MeV) -~~

15 20

Excitation functions for (n,p) and (n,a) reactions
on some structural materials (Data taken from réf.

of radiation damage in the case of fast neutrons such as those
anticipated in a fusion reactor. As can be seen in Fig. 5,
which has been constructed on the basis of data given in réf.
[9], the (n,p) and (n,a) cross sections steeply increase with
increasing neutron energy and have appreciable values in the
region around 14 MeVv the expected transmutation rates in a
fusion reactor will therefore be much higher than those in a
fast reactor.

The expected displacement and gas production rates for a
fast breeder reactor and a fusion reactor are given in Table I.
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TABLE I: RADIATION DAMAGE EFFECTS IN STRUCTURAL MATERIALS»
Parameter
Neutron flux or
loading
Temperature

Fast breeder core Fusion reactor first wall
8.5x1O15 n/cm2«sec

600 °C

After O.N. Jarvis, réf. [1]

3.5 MW/m2

530 C (SS 316)
1000 C (Nb)

Atomic displace- 60
ment rate
(dpa/yr)
Hydrogen gas 7OO
production
(at.ppm/yr)
Helium gas pro- 30
auction(at.ppm/yr)

40
29

2OOO
400

66O
110

(SS 316)
(Nb)

(SS 316)
(Nb)

(SS 316)(Nb)

Effects of Radiation Damage
In a thermal reactor the radiation damage effects mani-

fest themselves (cf. e.g. [1O]) in two important phenomena,
viz., bulk swelling of the sample due to void formation and
their growth, and radiation enhanced creep of the material.
In fast breeder reactors, and especially in fusion reactors, on
the other hand, radiation enhanced diffusion and gas produced
embrittlement are also important. Irradiation of structural
materials with high energy neutrons leads to considerable con-
centrations of point defects at all temperatures and therefore^
lowers the temperature up to which a material is metallurgi-cally stable.

It is known [10] that gas production leads to high tempe-
rature embrittlement of structural materials. Due to the higher
cross sections of the (n,xp) reactions as compared to the (n,x<x)
reactions hydrogen production in a fusion reactor would be
higher than the helium production. However, hydrogen production
is the lesser problem since it diffuses rapidly out of struc-
tural materials at the elevated temperatures of in terest
(5OO - 9OC C). Helium production, on the other hand, may
greatly facilitate void formation by nucleation and thereby
enhance swelling. Furthermore, helium bubbles located in the

80

Fig. 6 Total creep elongation to fracture, ep, for stainless
steel as a function of helium concentration> open
circles: helium-free samples, full circles: helium-
implanted samples (After Ullmaier et al [lO,ll]).
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grain boundaries greatly influence the structural properties of
the material. Since grain boundary diffusion usually dominates
bulk diffusion, bubbles in the grain boundaries grow particu-
larly fast. At elevated temperatures this effect may lead to
intergranular fracture. This fracture mode is usually coupled
with a drastic decrease of the strain to fracture as compared
with helium free samples of the same material which break by
transcrystalline fracture.

A typical example describing the effect of helium concen-
tration on the mechanical properties of stainless steel [1O,11]
is shown in Fig. 6. The total creep elongation to fracture, eF,decreases as a function of helium concentration till a very low
value is reached. Helium embrittlement is a very serious pheno-
menon and is often regarded to be virtually the life time
limiting effect for the first wall of a fusion reactor.

Study of Radiation Damage Effects
Radiation damage studies are carried out from two rather (independent appraoches, namely, application oriented materials

research and fundamental investigations. The former appraoch is
more empirical and consists of irradiating reactor materials
for sufficiently long periods followed by investigations of the
changes in bulk properties such as swelling, enhanced creep and
embrittlement. Since the damage rates are rather low (~1O~^
dpa/sec), the data needed for engineering design can be ob-
tained only after several years of reactor irradiations which
are not only expensive but also produce highly radioactive
specimens that are difficult to handle. Furthermore, since
there is a great complexity of simultaneously occurring pro-
cesses that contribute to the manifestation of the technologi-
cally important macroscopic property changes, in such irradia-
tions it is virtually impossible to separate and describe the
different mechanisms involved.

The second approach consists of studying radiation damage
by simulation techniques where the effects of the neutrons are
simulated by high energy charged particle bombardment. Fig. 7,
taken from réf. E1O], gives a comparison of the displacement
rates produced by neutrons, a-particles and heavy ions. Recently
dual beam irradiation has also been suggested [ 1 ]. The metal
under investigation is bombarded with the same metal ions of
an energy carefully selected to duplicate the fusion reactor
neutron PKA energy spectrum, and helium production is simulated
by implanting low-energy He ions. It has also been demonstrated
that 16 MeV protons, produce very similar damage effects to
14 MeV neutrons [12]v however, with only equal effectiveness
so that in the case of protons as well long irradiations are
necessary.

Simulation experiments involving irradiations with charged
particles can lead to a fundamental understanding of some
radiation damage phenomena. They, however, do not necessarily
give the same total effect as the neutrons. Ideally, first wall
materials selected on the basis of simulation experiments
should be subjected to life time tests in a 14 MeV neutron
flux before their use as structural materials in a fusion reac-
tor. Unfortunately present day 14 MeV neutron sources do not
have high enough intensity for high damage studies. However,
during the last few years an appreciable effort has been in-
vested towards the development of intense neutron sources.
Solid and gas target systems, deuteron stripping, spallation
as well as plasma sources are being developed. The state of the
art information has been summed up recently [13]. Among all
those systems the Li(d,n) and Be(d,n) neutron sources appear
to be very promising. The interpretation of radiation damage
effects observed using those sources, however, will need an
extensive nuclear data base covering the energy region up to
4O MeV. Those needs are discussed below.
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Fig. 7 Comparison of damage effectiveness and range of dif-
ferent particle beams used in radiation damage expe-
riments. The quoted particle fluxes are maximum
values which are attainable with present-day sources
(After Ullmaier and Schilling _r!0]).

NUCLEAR DATA NEEDS AND STATUS OF
AVAILABLE DATA

From the above discussion it is evident that the radia-
tion damage problem is much more severe for fusion reactor
design than for fast breeder reactors. Furthermore, due to the
corrosive nature of lithium used for tritium breeding as well
as due to the high working temperature for the reactor to be
economical, the demands on structural materials become still
more stringent. To date only a few materials like V, Ti,
stainless steel, Nb, Mo, W, etc. appear to meet the criteria for
selecting first wall materials . 14|; eventually some suitable
alloys will have to be developed. A technical assessment of some
alloys has been carried out '. 15] but a strong research and
development programme is necessary.

For radiation damage studies with fast neutrons it is
essential in the first place to establish well characterized
reference spectra r 16] for 14 MeV and deuteron-break-up sources
so that materials scientists can correlate their experimental
data. Correlation will require integral testing of nuclear data
to establish uniform dosimetry practices. Furthermore, broad-
based sensitivity studies [16] are needed to determine the
sensitivity of materials damage parameters to variations in
cross-section data and nuclear models used.

The nuclear data needs for radiation damage studies fall
into three main groups:

1} Data for the characterization of the radiation
environment

2) Data for calculating displacement cross sections
and related defect parameters, and

3) Data for quantitative estimation of transmutation
products, especially gases.
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Measurements and evaluations are essential [16] in the
first place for C, Al, Si, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zr,
Nb, Mo, Sn, W, Pb, etc. up to 30 MeV, and if possible up to 40
MeV. In many cases existing data and theoretical calculations
would meet the data needs but in others precision measurements
may be necessary. Furthermore, for a semi-quantitative esti-
mate of the radiation damage effects, a knowledge of nuclear
data for elements present as impurity will also be necessary.
Similarly, for neutron dosimetry cross sections for many more
elements shall be required. It may be pointed out that whereas
elemental evaluations may be adequate for use in displacement
damage calculations, isotopic evaluations are necessary for
dosimetry and transmutation product determinations. The advan-
tage of evaluating the data for a series of stable isotopes
is that the reaction Q-value effect can be well investigated
and the unknown cross sections can be predicted, including
those for some long-lived transmuted species [17].

We discuss each of the above three areas of nuclear data
needs in detail below.

Data for the Characterization of Radiation Environment
The objective of neutron dosimetry is to provide a base

for characterizing a variety of test and fusion reactor neutron
environments [5] in terms of flux, fluence and neutron energy
distribution averaged over the duration of the irradiation. For
this purpose both instrumental dosimetry techniques (such as
time-of-flight (TOF) and 6Li spectrometry) and multiple foil
spectrum analysis technique (MFA) have been used.

The TOF method requires accurate scattering and reaction
cross sections of carbon in order to calculate detector
efficiencies above 15 MeV. The 6Li coincidence spectrometry
technique, on the other hand, demands an accurate knowledge
of the 6Li(n,a)T reaction. This cross section is well-known.

The technique of MFA is relatively simple [18] and con-
sists of identification of a number of reaction products
following irradiations of suitable monitor foils in the neutron

12 18 21.
Neutron energy (MeV) —*•

30

Fig. 8 Differential neutron flux (n/MeV/cm2•sec) for 3O MeV
deuterons on 9Be at 2O pA beam current. The nuclear
reactions used for spectrum unfolding are given
together with the energy range of their applicability
(After Nethaway et al [19]).
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environment under investigation; the products may be radio-
active or stable and may be detected by gamma counting, mass
spectrometry, track recording, etc. From the characteristic
energy dependence of each reaction cross section, the fluence
and energy spectrum can be unfolded. The fluence results are
of high accuracy since they are derived from spectrum-averaged
cross sections. Spectrum definition, however, is not of high
quality since the energy resolution of the technique is not
high. Nonetheless, because of its simplicity the technique is
advantageous.

Presently the MFA technique is applied to a large extent
using radiometric assay of the activation products. Most of
the reactions of current interest have been recently reviewed
[5,16]. In all about fifty nuclear reactions having different
threshold energies have been suggested. The characteristic
energy ranges of some of them are shown in Fig. 8 in connection
with an analysis of the neutron spectrum produced in the break-
up of 30 MeV deuterons on Be-target [19], The desired accuracy
of the monitor reaction cross-section data in the energy range
from thermal to 14 MeV is 5 - 8 % and that in the range of
14 to 40 MeV between 1O and 20 %. For some of the suggested
monitor reactions data are available up to 3O MeVv however, the
accuracy is not sufficient. Beyond 30 MeV practically no data
exist.

The existing ENDF/B-IV Dosimetry Cross-Section File [2O]
includes data for some forty nuclear reactions, useful or po-
tentially useful, to meet the needs of the breeder reactor pro-
gramme. The emphasis therefore lies on the energy range below
10 MeV. Although the File now extends to 20 MeV, little data
testing has been done above 10 MeV. Extension of the File by
incorporating some or all of the proposed [5,16] monitor reac-
tions has been recommended [16] and standardization of the data
up to 4O MeV is urged.
Data for Calculating Displacement Cross Sections

For displacement radiation damage calculations extensive
cross-section data are needed. The calculation of recoil energy
spectra demands detailed information on differential angular
cross sections for elastic and inelastic scattering as well as
on energy distribution of emitted particles in nonelastic
events. In the case of fission reactors the major reactions of
interest are elastic and inelastic scattering and, except for
the question of accuracy in some cases, the existing data base
is reasonably complete. For applications to fusion reactors,
however, calculations must extend to 14 MeV and contributions
from other nonelastic reactions like (n,xn), (n, charged par-
ticle) etc. must also be taken into account. Furthermore, ifinstead of a DT neutron source a high energy deuteron break-up
neutron source were to be used for materials tests, for an
understanding of the radiation damage effects nuclear data sets
up to 4O MeV will be needed.

The status of fast neutron data has been reviewed [21] and
the most recent advances in the study of neutron threshold
reactions have been recently discussed [22]. In the present
review therefore only a brief discussion is given. For a few
structural materials high resolution total cross sections have
been measured for neutron energies up to 4O MeV but for many
others further accurate measurements are necessary. As far as
elastic and differential elastic scattering cross sections are
concerned, at 14 MeV data with errors of 3 to 5 % are available
for most of the structural materials. At higher energies, how-
ever, data are scanty. Many measurements of total nonelastic
cross sections have been carried out near 14 MeV but few atother energies in the range of 10 to 40 MeV. It is, nonetheless,
possible to calculate nonelastic cross sections with reasonable
accuracies using the optical model.
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In contrast to the total nonelastic cross section, the
various partial nonelastic cross sections are not known with
the same accuracy. Furthermore, other than at 14 MeV the data
are scanty. The (n, y) reaction, for example, though constitu-
ting only a small fraction of the nonelastic cross section for
neutrons between 1O and 4O MeV has not been measured above 15
MeV. The status of the inelastic neutron scattering data bet-
ween 1O and 4O MeV is the same as for elastic neutron scatte-
ring > investigations in neutron energy ranges other than the
14 MeV area have been only recently initiated. Among the (n,xn)
processes the (n,2n) and (n,3n) reactions are most important.
At 14 MeV for nuclei in the medium and heavy mass regions the
(n,2n) reaction is by far the most dominating process. Most of
the measurements on (n,xn) reactions, extending up to neutron
energies of about 28 MeV, have been carried out using the
activation technique, often in combination with radiochemical
methods (cf. e.g. [23,24]); in recent years, however, large
liquid scintillator method has also been employed [25,26], The
data obtained using the two techniques are generally in agree-
ment within 1O %. Both the techniques, however, yield no infor-
mation on the energy distribution of the emitted neutrons.

Some part of the nonelastic cross section is also con-
stituted by reactions in which charged particles are emitted.
These include processes like (n,p), (n,n'p), (n,d), (n,t),
(n,2p), (n,3He), (n,a), (n,n'a), etc. and may cause considerable
displacement radiation damage, especially when the recoil ener-
gy of the emitted charged particle is high. Out of all those
processes the (n,p) and (n,a) reactions have been extensively
investigated at 14 MeV (cf., e.g. [22,23,27]), mainly using the
activation technique. In many cases, however, the data are
still discrepant. At other energies between 8 and 4O MeV the
data are relatively scarce. Many of the data needs, however,
could be met by theoretical calculations. The (n,n'p) and
(n,n'a) reactions were studied systematically at 14 MeV for the
first time at Jülich [17] and it was shown that their cross
sections are high enough to necessitate their inclusion in
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radiation damage calculations. In spite of many more investiga-
tions in recent years [ 28,29] the data base is still weak. A
study of the (n,d) reactions'at 14 MeV is underway at Livermore
[29]. The (n,2p), (n,t) and (n,3He) reactions are rare. Exten-
sive studies on the latter two reactions have been carried out
at Jülich using radiochemical techniques (cf., e.g. [22,30,31]).
Because of their extremely low cross sections the latter reac-
tions are of little importance in the context of displacement
damage effects.

In addition to the cross-section data of the (n,xn) and
(n, charged particle) reactions, detailed information on the
angular and energy distribution of the emitted particles is
also needed. So far such data have been scarcely available.
Though the situation is improving [ 29], still extensive measure-
ment programmes are needed.

A recent radiation damage experiment carried out using
neutrons produced by 30 MeV deuterons on a thick Be target has
shown [32] that for dilute alloys of V, Nb and Mo the resisti-
vity damage rates are about 2/3 those produced by 14 MeV. Evi-
dently for a correlation of the damages produced by the two
types of neutron sources, a strong nuclear data base will be
needed. Some integral cross-section measurements using the
break-up neutron spectrum have been initiated [ 28,32] but fur-
ther extensive work is needed.

Data for Estimating Transmutation Products
Transmutation reactions are important not only for their

contribution to the displacement damage effects but also due
to the reason that the transmuted species may strongly influence
the development of damage microstructure that leads to property
changes. As discussed above gas production is of particular
interest for fusion reactors. The status of gas producingreactions in structural materials for fast reactors has been
recently reviewed [33]; additional reactions important in the
case of fusion reactors are discussed here. Of all the (n,
charged particle) reactions leading to gas formation, the (n,t),
(n,3He) and (n,2p) reactions are unimportant because of low
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cross sections. The major contributing reactions are thus (n,p),
(n,n'p), (n,d), (n,a) and (n,n'a).

Most of the (n,p) cross-section data exist for 14 MeV neu-
trons [22,27], though in some cases lower and higher energy
regions have also been investigated with varying degrees of
accuracy [9], Since the first systematic report on
[ (n,n'p) + (n,d)] reactions from Jülich [17], studies have been
carried out exclusively at 14 MeV at two laboratories, at Jülich
using radiochemical techniques and at Livermore using a high-
precision magnetic quadrupole spectrometer. In those cases
where the same nuclides have been investigated at both the
laboratories, the agreement is generally good. The results are
summarized [22] in Pig. 9. It is evident that in the light mass
region the (n,d) cross section is small compared with the
[ (n,n'p) + (n,d)] cross section. The sequential emission of a
neutron and a proton is therefore more favoured than the
emission of a deuteron. In the medium mass region, however, the
(n,d) cross section almost approaches the sum of the (n,d) and
(n,n'p) cross sections. Evidently the available data are still
scarce. Due to the interest in estimating the equilibrium hydro-
gen concentration, which is of importance for understanding the
phenomenon of hydrogen embrittlement, the need of (n,xp) cross-
section measurements at 14 MeV and in other energy regions is
imminent.

The production of helium via (n,a) and (n,n'a) reactions
is currently believed to be one of the major damage mechanisms
in fusion reactors. The status of the cross-section data for
those reactions is similar to that for the (n,p) and (n,n'p)
reactions, respectively. The cross sections for some (n,n'a)
reactions at 14 MeV measured at Jülich are shown in Fig. 10 and
compared with the trend in the (n,ct} cross sections [22]. It is
apparent that the contribution of the (n,n'a) reaction in the
investigated mass region amounts to between 1O and 15 % of the
(n,a) reaction. The data on (n,xa) reactions obtained at Liver-
more using the magnetic quadrupole spectrometer are also shown
in Fig. 10. Evidently a greater part of the measured cross
section is furnished by the (n,a) reaction, the contribution
of the other a-emitting processes (e.g., (n,n'a)) is < 20 %. In
addition to radiochemical and magnetic quadrupole spectrometer
techniques, the use of mass spectrometric method for measurement
of total helium production has also been initiated [34,35].

The existing calculational methods may be used with varying
degrees of success for estimating (n,p) and (n,a) reaction cross
sections up to 4O MeV. However, the recently proposed calcula-
tional methods for the (n,n'p) and (n,n'a) reactions are highly
empirical and unsupported by experimental data. At energies
higher than 14 MeV, such as those encountered in Be(d,n) or
Li(d,n) neutron radiation test facilities, the (n,n'p) and
(n,n'a) reaction cross sections are unpredictable and therefore
total hydrogen and helium production rates are highly uncertain.
Furthermore, reactions like (n,t) and (n,3He) which have very
low cross sections at 14 MeV would also contribute appreciably
[28,36] at higher energies. It is therefore suggested that
extensive investigations on hydrogen and helium producing reac-
tions be carried out up to neutron energies of 40 MeV, and an
extra File on gas production covering the energy region up to
40 MeV be maintained and reviewed periodically.

CONCLUSIONS
The radiation damage problem is of vital importance for

fusion reactor design. Although both displacement effects and
nuclear transmutations are expected to contribute to the total
radiation damage, the latter phenomenon leading to the forma-
tion of hydrogen and helium gases will be more critical. For
displacement calculations differential angular cross sections
for elastic and inelastic scattering are needed. Those needs
can be met by the existing data and theoretical calculations.
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On the other hand data are also needed on the energy distribu-
tion of the emitted particles. Such data are scanty and further
experimental work is needed. For calculations of radiation
damage due to nuclear transmutations, total cross sections of
many reactions, especially those contributing to hydrogen and
helium formation, are needed. The data base, in particular
between 6 and 13 MeV and beyond 14 MeV, is very weak. Though
(n,p) and (n,a) cross sections can be calculated in many cases
with sufficient accuracy using nuclear models, in the case of
(n,n'p) and (n,n'a) reactions extensive experimental work is
needed. The high energy neutron sources to be used for ra-
diation damage studies require careful characterization. For
neutron dosimetry multiple foil analysis has great potential
but data are seriously lacking. In view of the increasing im-
portance of deuteron-break-up neutron sources for radiation
damage studies, the nuclear data base should be extended up to
4O MeV.
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Abstract
The nuclear data requirements for experimental, demonstration and

commercial fusion reactors are reviewed. Particular emphasis is given to the
shield as well as major reactor components of concern to the nuclear perfor-
mance. 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 measurements is recommended. Priorities for acquisition
of data are also assigned.

1. Introduction

The function of the shielding system in any nuclear reactor is: 1) to
protect 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 operation,
shutdown, scheduled maintenance, and unscheduled failures.

Shielding calculations require methods and data to predict the nuclear
performance parameters of interest. An extensive base of methods and data
exists in 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 generation 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 require-
ments in Sec. 3 is proceeded 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 fusion reactor
shield. .References 1-25 cover the general 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
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
accomplished by comparing the problems of fusion reactor shielding in reference
to those of the more familiar systems of fission reactors. The following items
explain the key points of comparis.on:

(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
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and the functional requirements of some of them exclude making any
significant bends in the penetration ducts.

(2) The 14 MeV neutrons produced in the D-T cycle are much more capable
of deep penetration than are the fission neutrons whose average energy
is ~2 MeV. Furthermore, the high energy neutrons induce a variety of
nuclear reactions, with many radioactive residual nuclei, that are
inaccessible to lower energy neutrons.
(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 require extensive measures of radiation
protection.

(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 in 1-4 make the problems of
radiation exposure and maintainability in fusion reactors extremely
important.
Nothing in the above points suggests that fusion reactor shielding problems

cannot be solved at a reasonable cost. They do-suggest, however, that the
problems are difficult and prudent economically viable .̂ solutions 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 accomplishing this goal.

2. Fusion Reactor 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 MCR1s 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 following
components: 1) blanket, 2) primary bulk shield, 3) penetration shield, 4)
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
displays this relationship for a laser driven reactor, a leading contender among
inertial confinement schemes.

The primary function of the blanket 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 1019 P/E neutrons/sec where P is the reactor thermal
power in MW and E is the recoverable energy per fusion reaction in MeV. In the
absence of energy multiplication by fissionable materials, E in reactors
operated on the DT cycle is ~20 MeV. Thus, the neutron source strength is ~3 x
102° neutrons/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 MCR1s 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.

26-45The primary bulk shield circumscribes the blanket. The basic function
of the bulk shield is to protect reactor components exterior to the blanket from
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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 is 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 superconducting (S.O.) magnets dominate the design criteria for the
primary bulk shield in magnetic-confinement fusion reactors.

The trade-offs in the design of the bulk shield and the main magnets
strongly impact the performance and economics of magnetic confinement reactors.
Keeping the thickness of the bulk shield small results in unacceptably large
power losses to run the S.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 reactors 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 design
considerations, but they are much more relaxed compared to those in magnetic-
confinement reactors.

Present 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 penetrations: 1) large size,
the cross section area varies from -0.4 to 3 m2, 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 func-
tional requirements of some of these penetrations do not permit significant
bends in the penetration ducts.

The presence of penetrations 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., injector for neutral
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.
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The primary shield which consists of the bulk, penetration and component
shield provides for protection of components during reactor operation. Its
biological shielding function is limited only to reducing the induced activation
to appropriate levels as required by maintenance tasks during shutdown. The
biological 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 into the reactor building during operation can be developed.
On the other hand, fusion reactors require periodic major component replacement
and 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 aggressive research and
development 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 information 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-the-art.
However, they are also indespensible as they serve critical needs related to the
reactor performance as well as economic, environmental 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
data. The state-of-the-art and required developments in calculational methods
were reviewed in Refs. 74, 75 and 92. In 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
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,
shield and other fusion reactor components. The reason the list is long is that
at this stage there is a diversity 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 input 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 now about the material selection. To satisfy this
purpose, we have indicated a qualitative judgement in Table 2 on the probability
of using each material in 1) the next generation of experimental power
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.
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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
neutrons, 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 driven 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 neutron
source, that require extending the data base to ~30 MeV, but these are not
covered here as our concern is focused in this paper on reactor design applica-
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 concern is the type of nuclear data required in fusion
design applications. Table 3 shows these data types. The nuclear designer
needs to calculate: 1) Tritium breeding in the blanket and tritium production
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
c) 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 neutrons. Therefore, in fusion design one needs cross sections for
reactions such as (n,a), (n,n'a), (n,p) and (n,n'p) for which there is presently
no or little information for several important materials. It should be
emphasized that while lumped cross sections such as the total helium production
cross section may be suitable for radiation damage calculations, induced acti-
vation requires cross sections for individual reactions. Furthermore, accurate
calculation of induced activation requires the nuclear data for each individual
isotope. It has also been shown ' that although nuclear heating calculations
can be made directly from lumped data for a mixture of isotopes, the correct
averaging of data, e.g., energy dependent Q-values, implicitly assumes that the
isotopic data is known.

Since shielding plays a 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 inelastic
scattering, 2) gamma-ray production and interaction, 3) energy and angular
distribution of secondary neutrons and gammas; scattering anisotropy is
generally crucial to streaming and deep penetration problems, and 4) good
resolution 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 despite significant recent improvements reflected in the latest ENDF/B
version. For example, there is presently no reliable gamma production data
for important materials such as11]) and tungsten. The data measurements and
evaluation for gamma production 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 tends to largely
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compensate the modest anisotropies in emission. Measuring or identifying gamma
production by reaction and isotope is of secondary importance except in special
cases.

Nuclear data for gamma-ray interaction is generally the best known of all
types of data. Only modest revisions are required in this 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 nuclear
performance characteristics. The errors in nuclear 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
sufficient to define the accuracy goal for the basic 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. For example,
overpredicting 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 improvement after the
reactor has been built. Therefore, shielding calculations are always required
to be conservative. The larger the uncertainties in prediction the higher the
safety 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
economics.

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
perhaps decades, 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 improving the accurancy of
prediction. This is 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 purpose here let us qualitatively discuss an elementary
example. Figure 4 shows the cost of energy in a tokamak reactor as a
function of the blanket/shield thickness, A , on the inner side of the torus
with stainless steel and boron carbide as the constituents of the blanket/
shield. The results are shown for several sizes of the major radius. At
present, the tokamak design effort is focused on small size reactors of
major radius R = 6 m or less for better economics. From fig. 4 one notices the
great sensitivity pf the cost of energy to the value of Agg at R < 6 m. The
optimum value of A„_ is ~1 m. Using smaller values of A_„ will result in aBS oosharp increase in the 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 i* there are risks associated with the reliability of the
operation and safety of the magnets. Therefore, it appears now that the design
value for A1 must be greater than the optimum value of 1 m. Figure 4 indicates
the penalty in the cost of energy resulting from using larger A1 .B«>

One should carefully note here that the penalty as shown in Fig. 4 is due
to the increase in A* with the shield actually performing as calculated. The
penalty from increasing A and the shield providing less attenuation thanBS.
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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, S, in A^ . This is roughly the
effect of the actual thickness of the blanket/shield built as A1 + 5 while its.
attenuation is only that predicted by the present calculation for a thickness A„c«ßoThe 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 provided by only 1 cm
(in this example, 1 cm is 1% of AßS) of shielding. This is a very large penalty
and serves to demonstrate that very good accuracies 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
important nuclear parameters in the blanket, shield and other reactor components
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 accuracies are required
in the blanket where primary energy conversion, tritium production and severe
radiation damage occur. The target accuracies for calculating 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 involved.

The most difficult question is 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. But 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.

83Sensitivity analysis is 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
information used. Thus, sensitivity analysis can be utilized to examine the
effects of uncertainties in nuclear data as well as variations in materials and
geometry on the calculated parameters of interest. In the past few years, there
has been a very significant progress in developing theoretical formalisms and
computer codes for sensitivity analysis. ' The lastest of these developments
is the channel theory which makes it possible to determine the "channels" in
space and energy that contribute most to the radiation field in a particular
location. A number of sensitivity studies for fusion applications have
also been recently performed.

The sensitivity analysis is of considerable value in 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 is that the information they yield are highly
system, geometry, response, material and reaction specific. For example, radia-
tion streaming in complex geometry changes substantially from one design to
another and the relative importance of particular pieces of nuclear data can be
widely different. At present, there is 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 sections and the correlations between the various cross
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section errors. These are available only for very few materials. Some of the
cross sections needed for fusion application 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 concern. 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) urgent, (2) high priority, (3)
needed, and (4) low priority. These priorities were assigned based on careful
judgements 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 deposition,
radiation damage, tritium production and induced activation; (c) accuracy of
currently available data; and (d) the variety of considerations that have been
discussed in this section.

4. Summary

Valuable extensive experience and a broad base of methods and data is
available to the fusion reactor shield designer 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
high neutron energy range of interest in the D-T cycle make it necessary to
pursue a nuclear research and development program.

No technical systematic method exists for rigorously quantifying the
specific nuclear data requirements. Nor is 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
present with heavy reliance on the experienced judgement of researchers in the
field to fill in the specific details. Flexibility is necessary to modify these
judgements as our knowledge and experience deepen and expand. Close interaction
among experimentalists, evaluators and reactor designers is crucial to any
prudent data acquisition program.

An attempt was made to define the specific nuclear data requirements, as we
see them today, for fusion reactors with particular emphasis 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 present 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,
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 is probably the only material whose use in commercial
reactors is almost certain.

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 in accuracy requirements. The need for data by
isotope and reaction has been shown. In shielding, the main interest is neutron
and gamma 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 spectra and angular distributions; scattering anisotropy is
generally crucial to streaming and deep penetration problems, and (d) good
resolution 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 4.

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 a nuclear data measure-
ment program to serve the needs of fusion reactors; particularly the near-term
experimental power reactors.
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Fig. 1 Vertical cross section of a tokamak reactor design.
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Fig. 2 Cutaway view of the blanket and
bulk shield in a mirror reactor
design.
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Fig. 3 A schematic of the Univ. of Wisconsin design, SOLASE,
for a laser fusion reactor.
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Table 1
Summary of Material Proposed
for Blanket and Shield.

Application

Iritiun Breeding

Structural Material

Coolant

Neutron Multiplication

Reflector

Shield

Material j

Liquid Lithium
Molten salts (Li2BeF4)Aluminum Compounds (LIAI, Li2Al2Oi,)Ceramic Compounds (Li20, Li2C2)~Lithium-Lead eu tec tic

Iron-Based Alloys
Nickel-Based Allays
Refractory-Based Alloys (V, Kb, Mo)
Titanium
Aluminum-Based Alloys

Liquid Lithium
Molten salts
Helium, Water

Beryllium, Lead

Graphite, Stainless steel

Stainless steel, Tungsten
Lead, Lead Mortar, Lead Acetate
Boron Carbide (Bî C)
Borated Water
Iron Mortar, Concrete
L1H, LiD

Table 2 •
Elementary Materials of Potential Use in Fusion Reactors

A qualitative judgement on the probability of using the material is shown
(H = high, M = average, L = Low)

Den» and Commercial

Material j Blanket
i

Hydrogen
Helium
Lithium
Beryllium
Boron
Carbon
Nitrogen
Oxygen

M
M •
H
M
L

Flourine < L
Sodium
Aluminum
Silicon
Argon
Titanium
Vanadium
Chromium
Manganese
Iron

L
M
M
M
H
H
H

Nickel ! H
Copper ;
Niobium
Molybdenum
Tin
Tantalum
Tungsten
Lead
Bismuth

M
L

M

Shield

H
M
M
H
H
H

L
M
L
L
H
H
H
H

L
L
H
H
L

Others

H
H

M

M
H
M
M

H
H
H
H
H
B
M

1

Experimental Reactors

Blanket

L
M

L

L
L
U
H
B
B

|

Shield

H
M

B
H
M
H

L

U
H
B
B

L
B
H

Others

B
H

H

H
M

B
B
B
B
B

L

Comments

plasma, H20, in organic insulatorscoolant, also in S.C. magnets
tritium breeding, neutron absorption
neutron and energy multiplication
probably in B[,C form
Bi,C, reflector, wall coating, in insulator«
reactor building atmosphere, insulators
H20, reactor building atmosphere
in molten salts
secondary coolant
S.C. magnet stabilizer and structure
SiC, Stainless steel
reactor building atmosphere
structural material
structural material
in steel and super alloys
in "
in " " " "
in "
normal and superconducting magnets
structural material, also in superconductor
in NbsSn superconductor
in space-restricted shield region
in lithium-lead compounds and lead shield
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Table 3
Types of Nuclear Data Required in Fusion Nuclear Design

Application

Data Type
Total
Elastic
Inelastic
Neutron Emission
(oem, do/da, P(E')
(n,2n), (n,3n)
(n,a), (n; n'2)
(n,p), (n; n'p)
(n,d), (n; n'd)
(n,t), (n; n't)
(n, Y), (n; n'Y), (n; XY)
Gamma Production
iaf, do/da, P(E -••£)}

Tritium
Breeding

X
X
X
X

X

X

Nuclear
Heating

X
X
X
X

X
X
X
X
X
X
X

Radiation
Damage
Indicators

X
X
X
X

X
X
X
X

Induced
Activation

X
X
X
X
X
X

Radiation
Shielding

X
X
X
X

X

X
X

Table 4
Some Required Accuracies in Fusion Reactor Shielding

Location/Response Desired Accuracy

First Wall/Blanket
Nuclear Beating
Tritium Producing
Atomic Displacements
Helium Production
Transmutations
Induced Activation

Bulk Shield
Nuclear Heating
dpa and He and H production
Activation
Tritium Production

Main (Superconducting) Magnets
Nuclear Heating
dpa
H, He production
Activation

Penetration Duct Walls
Nuclear Heating
dpa and He and H production

Penetration Functional Equipment
(e.g. vacuum pumps, neutral beam injectors)

Nuclear Heating
dpa and He and H production
Activation
Tritium production

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

Biological Dose during operation
Biological Dose after shutdown

Coolant Manifolds and Heat Exchangers
Biological Dose after shutdown

Containment Building
Nuclear Heating
dpa and He and H production

External Biological Dose
(outside containment building)

total 2%, spatial distribution 10%
breeding ratio 5%, local 10%
10%
10%
20%
50%

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

gross 10Z, local 202
gross 10%, local 20%
gross 40%, local 80%
factor of 2

local 20%
local 50%

gross 302, local 50%
30%
factor of 2
factor of 2

factor of 3
factor of 2

factor of 2

factor of 2
local factor of 4
factor of 3

a - These accuracies are approximate and they may change as our knowledge 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 machine«.
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Table 5
Nuclear Data Measurements
Needs for Fusion Reactors

Reaction
6L1 elastic scattering
6Li inelastic scattering
6Ll(n.a)t
6Li(n,2n-)

*Li(n,n-p), 'Li(n.n'a)
6Ll(n,n-d)
6L1 neutron emission
7Li(n;n-t)
7Li elastic

7L1 inelastic scattering
Li neutron enisslon

Boron eleastic scattering

B neutron emission
œB(n,t)
"B(n,t)
""8(11.1.)
10B(n.2n)

MB(n;n'p)
«B(n,«)
nB(n,2n>

Boron gamma production

C(n,xa)

C(n,o)

C(n;n-3cO

C neutron emission

Fe neutron emission
5"Fe,KFe(n,o)

*Fe(n;n',p)

Cr neutron emission
Cr(n,jca)
Cr(n,xp)
"Cr(n,p)l
"cr(n,p)l
fN:r(n,p)f£»Cr(n.P)J

5JCr(n,2n)
«Cr(n,d)
58Ni Inelastic scattering
(level and continuum)

N̂i Inelastic scattering
(level and continuum)

MMl(n!n-',p)J
58Si(n,2n)
MHl(n,2n)

Incident
Energy

Type of Measurement (HeV)
0 , do/dil 2-16n,n
o .. da/du 2-16n, n
o 0.3-16n,a
o , .» F (E J* 6-16n,2n \n /

a „ » o „ 5-16n, n p n, n a
0 ,.» ?L „) 3-16n, n d \n/
o1" 3-16n.em.
°n,n-f P(E„-) 3-16
o 2-16n, n

-16

°I .» 2'16n, en.
o 6-16n, n

o 6-16n,em.
o 1.2-16n, t 12-16
o 0.01-16n>p
°n 2n' P(En'J 9"'6

°n-n' • P(En} 7~l*
'-"

°n2n' P(En-) 12~16

"n XT" P(EY) 10"6-16

a 6.5-16n,xa
a ,<t .... 6.5-16»0 «l
0 „ , P/E"\ 8-16n;n 3a 1 n 1

°n,em. 6-15

"-»
°n o 10"6-16
"o '"« •" • • • •

"n.n'p. P(En') ~9'5-16

"n.ern. 8'16

o Threshold-n.xa 16

ffn,xp Threshold-
16

o t Threshold-
npo> np j , . . .

o , , P|E J »12-16n,2n l n /
ff j»° j »ff j f * • » -*9-16n,d ndo ndj
an,n' 4-16
Angular and energy 6-16
distributions e-16
Angular and energy 6-16
distributions

p/E \ Threshold-

o , , P( E A Threshold-n,2n ^ n y w

0 - , P/E A Threshold-n,2n {n) u

Accuracy
Goalm
10

10-20
5

10-20

30

10-20
5
5
10

10-20
5

5-15

10

20%

20

20

30
30
30
20

10
20

10

10
10
20
40

20

10
20
20

30

20
30

10-20
20-30

10-20
20-30

20

10

10

Priority*
2

2
2
2

4

2
2
1
2

2
1

2

1

1

2
2

2
2
2
1

2
3

1

1
1
2
3

2

i
2
2
2
2
4
4

2
3

2

2

1

3

2

Contents
Reaction is Important for good Inter-
pretation of other reactions.

Source of helium and hydrogen
production.
Cross sections may be small but need
to be examined.

Interpreting Important reactions such
as (n;n',t).

Isotoplc values needed; reaction
affects the interpretation of other
reactions.

10B(n,2n)9B •> 2« + T

The decay product is 2at

Energy distribution of the charged
particles is useful.
Total helium production, heating and
neutron transport in carbon is very
sensitive to this reaction.

Energy distributions of emitted
alphas are very useful.

Current uncertainity *• 200Z.

Data currently available but there
are some discrepancies at high energies.
Currently, no data.
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58Ni(n,«)t o ,0 ,0 . . . . 10"6-16 10
MHl(n,a>) na aO
58Kl(njn'a)l /
fOVIff* •* \l 'OTNlln;n a)J n,n a
Nickel,
neutron emission n,em.

Cu neutron emission an,ein.
63Cu(n.p) o ,0n,p np(

al

En,\ 7-16 20

Threshold- 10-20
16

2-16 10

•"npn . . . 1-16 20
63Cu(n,d),65Cu(n,d) o -,o ,o . ... ,, ,,." ' n,d' ndo' ndj» • • • 10-16 30
63Cu(njn-p) o , . P|E i 9-16 20n , n p A n y
Cu gamma production o * Pn,xy E\ lQ-6-16 20

V Inelastic scattering o ,. angular and 7-16 10-20n,n

1

4

2 Angular distribution required where
significantly anlsotrupic.

1

1

2

1

1

3
energy distribution»

V neutron emission an,em. 7-16 10-20

V(n,p) a ,o ,a . . . . 2-16 20np' PO Pl
V(n,o) o ,0 ,o . . . . 3-16 20

»1
V(n,2n) o -, PIE \ 12-16 10

\ /
V(n;n'p> /
V(n;n'oO V p^n \ 8-16 20

Ti elemental total Total cross section 1-20 2
cross section
"6Ti Inelastic 1
*8T1 scatteringl n,n" 4-16 10

*7Ti(n,p) o ,0 ,0 . . . . '0-16 20np' p»* Pl
"7Tl(n,a) o ,o ,o . . . . 10-6-16 20na ag
•7Ti(n,2n) o , , Pn,Zn
h8Tl(n,2n> o - , Pn.2n
"Sjj/jj Oj <j a <

na* OD*

Lead neutron emission o
Lead (n,n'> Discrete

01 \EOJ 9-16 20

E ,N 12-16 20n l
. . . . Threshold- 20

1 16

6-16 20
inelastic 8-16' 20

2 Angular distribution is of interest.

3

3

2

4

2

2

2

2

3

2

3

2
2

scattering

S5Mn(n,2n> OB 2n

55Mn(n,p) a

55Mn(n,a) on,a
^^Mn(njn"*,p) o

55Mn(n;n',a) 0°]°.*

W inelastic scattering o f

12-16 20

2-16 20

1-16 20

6-16 30
8-16 30

1.5-4 10

W elastic scattering o ( da/dß _",, 10n, n 8-lo
W neutron emission on, em.

U garana production a » P

At(n,2n) o
AUn.p) o"[p

n

At neutron emission aR em

»MC.2.) <,0>2n

9Be neutron emission o „n, en*

*»°Ar(n,2n) OB 2fl

0 Neutron emission <?Q ea

4-16 20

E \ 10-6-16 20

13.5-18 20
14-16 20

5-16 20

1.8-16 10

1.8-16 10

Threshold-
15 20

3-16 10

2

3

3

3
3

4

4

3

1

2 Cross section to the isomers 26A1
2 (positron emitter) is major concern

for Induced activation.
2

3

3

2

2

*P fe'I refer» to the energy distribution of secondary neutrons.

f For «11 entries in the table, o refer» to the neutron emission spectra «nd angular distribution,
generally required at several angles with outgoing neutron» recorder down to a fev hundred KeV.
a. Prioritie« are »signed as follow»: (1) Urgent, (2) high priority, (3) needed, (4) low priority.
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NEUTRON DATA FOR HYBRID REACTOR CALCULATIONS AG-159/A6
D.V. MARKOVSKII, O.E. SHATALOV Review Paper

I.V. Kurohatov Atomic Energy Institute, Moscow, USSR

ABSTRACT
A brief review of high-energy neutron integral experiments and their

comparison with calculations is presented, taking into account the require-
ments for neutron data in hybrid blanket design. Some considerations con-
cerning this data improvement are given.

INTRODUCTION
Current interest in hybrid reactors, fusion reactors with fissile

material in the blanket, originates from two main considerations. On the
one hand, such a system simplifies appreciably a number of current problems
of "pure" thermonuclear reactors, such as attainment of favorable plasma
parameters and making the first wall stable against radiation. On the other
hand, it is possible to get économie benefits from a combined energy system
making use of light-water, fast and hybrid reactors, where a relatively
small number of hybrid reactors with high plutonium production could strong-
ly affect the fuel balance [l]. Recently the concept of a fast subcritical
blanket has been preferred, where the high energy of thermonuclear neutrons
is most effectively used for neutron production in fission and nonelastic
reactions in fissile materials. Also, better thermal performance and faster
accumulation of secondary fissile material are achieved for natural or
depleted uranium. This concept is being developed in the USSR in the hybrid
thermonuclear Tokamak reactor project (HTTR) [2].

The objective of neutronic calculations of hybrid reactor blankets is
to provide the project with detailed information on parameters such as the
following! power distribution in the blanket, fissile-material and tritium-
production rates, attenuation of neutron and gamma-ray fluxes in the shield,
blanket and shield activation, radiation damage rates, gaseous-product gene-
ration rates and the time-dependent change of the isotopic composition of
fuel.

In most cases the calculation is made in two separate stages: estima-
tion of the detailed space-energy distribution of neutrons in the blanket
and shield, followed by calculations of various flux functionals correspond-
ing to the above parameters. This will require a library of input data for
calculations of neutron fluxes, as well as data for calculations of the
functionals in a format corresponding to the flux formats: KERMA factors,
gamma—ray sources, activation cross sections, radiation damage cross sections,
cross sections of the reactions with charged particle yield, yields and cross
sections of fission products and elements in the chain of nuclear transform-
ations of the fissile material.

In the present work only the data required for neutron flux calculation
are considered in detail. A brief review of some integral experiments with
pure materials, as well as comparison with BLANK code calculations [3], is
presented below.

EXPERIMENTS WITH 238U
The key functional for the hybrid reactor is the composite source, equal

to the sum of the number of D-T reaction neutrons and the number of additional
neutrons born in the (n,f), (n,2n) and (n,3n) reactions.

For the contribution to the fission rate and neutron multiplication, the
most important are the (n,f) and (n,2n) reactions, from which secondary
neutrons can induce subsequent fissions ot'^og.- At present the cross sections
of these reactions with energies close to 14 NeV are known to an accuracy of
2-5/6, which seems to be sufficient for the calculations. The information about
secondary neutron spectra is also of great importance since the probability
of fission depends strongly on the fraction of neutrons with energies above
the 23% fission threshold. The spectra of secondary neutrons produced in the
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interaction of neutrons with 238g at energies of 14« 3 and 9«1 MeV have been
recently measured by Baryba et al. [4,5]« The total spectrum measured was
divided into two components: the fission spectrum and the evaporation spectra«
of neutrons from the equilibrium and pre-eqoilibrium states, fig. 1 shows com-
parison of the spectra for E « 14*3 MeV [4], approximating the total evapora-
tion spectrum and its equilibrium and pre-equilibrium components in accordance
with the data of the 23°0 files from the UKNDL [6] and ENDL [?] libraries and
a domestic file [8]« The parameters proposed in Ref. 4 give a harder spectrum
of secondary neutrons than those in the evaluated data files, particularly
UKNDL.

(mb/lfeV)
10*

102 -

10'

10°

En (MeV)
Pig. 1 238(j secondary neutron spectra for Eo » 11 MeV. Curves

labelled 1,2 and 3 show the equilibrium, pre-equilibrium
and total spectra, respectively, from Bef. 4-
The remaining curves are based on UKNDL (—-), ENDL (—.— )
and the domestic file (— . • — )•

The integral experiments which can be used for the analysis of the
spectra were performed by J.W. Weale et al. [10] and G. Wong et al. [9]. In
Ref. 9 the neutron leakage spectra from uranium spheres with radii 3. 63 and
10.91 cm, measured over the energy range from 10 keV to 14 MeV, are compared
with calculations based on the ENDL and ENDF/B-IV data. It is noted that the
spectrum within the 10 keV - 1 MeV range is described better with the ENDP/B-IV,
while within the range 2-14 MeV the ENDL data give better results. Unfortunate-
ly, the spectra measured in this work are given in the units of the detector
counts, which prevents their comparison with other calculations.

The experiment by Weale et al. [10], whose results were reported in 1961,
is so far the only experiment which allows verification of the neutron balance
in a system of natural uranium which is effectively infinite for 14— MeV neu-
trons. More detailed measurements were performed in an assembly 99 cm in
diameter, The accuracy of all the measurements, without taking into account
the accuracy of the constants, is 3-4$« In Table I the experimental results
are compared with the calculations using the BLANK code with UKNDL, ENDL and
domestic— file °U data. For estimation of the effects due to the one-
dimensional approximation and various temperatures of the fission spectrum,
the calculations by the BLANK code are made for two geometries, a sphere
and an infinite cylinder, and two temperatures of the Maxwellian distribu-
tion, 1.33 and 1.5 MeV. The calculated 238g fission and capture rates,
obtained with the BLANK code with the ENDL and domestic-file data, agree
with the experiment within the error, while the calculation based on the
UKNDL data underestimates the rate of 238u fissions. The difference in
temperatures of the fission spectrum gives an effect of 5-8$ in the rates
of the 238u(n,f) and 238u(n,y) reactions. The (n,2n) reaction rate for the
domestic-file agrees with the experiment within the error while the UKNDL
and ENDL data overestimate it by 13-15$. The differences between the calcu-
lation and experiment in the (n.3n) reaction rate are 30$, 90$ and 83$ for
UKNDL, ENDL and domestic-file 23% data, respectively.
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Table I. The number of reactions per source neutron
in a natural uranium assembly 99 cm in diameter

Reaction

235U(n,f)
235U(n,Y)
238U(n,f)
238U(n,y)
2380(n,2n)
238U(n,3n)
Leakage
Leakage +238{j(n,y)

Experiment
[12]

0.281+0.017
-

1.18+0.07
4. 08+0. 24
0.277+0.08
0.327+0.05
0.41+0.020

4.49+0.28

Calculation with the BLANK code
UKNDL, MAT 401

Cylin-
der

0.225
0.05
0.954
4.12
0.317
0.244
0.314

4.43

Sphere

0.213
0.047
0.95
3.86
0.32
0.245
0.593

4.45

ENDL, MAT 7055

Tf-1.333

0.222
0.048
1.08
3.91
0.315
0.168
0.665

4.58

Tf-1-5

0.232
0.05
1.18
4.08
0.315
0.168
0.72

4.8

238o domestic
file

Tf-1.33

0.238
0.046
1.207
4.2
0.278
0.178
0.729

4.93

Tf=1.5

0.246
0.052
1.31
4.39
0.278
0.178
0.789

5.17
a. Tf is the temperature (in MeV) used in constructing the

fission-spectrum Maxwellian

§4

10 15 20 25
S(e«)

KL«. 2
The i,i.(nfnta)<i! reactionrate over the radius of the
lithium deuteride sphere.The data points with error
bars show the experimental
results, while the curves
show calculations using the
BLANK code with UKNDL ( —— )
and Era ( —— . —— ) data.

LITHIUM
Experiments with a neutron source located inside lithium-containing

assemblies are described in Refs. 11-14. Hiroka et al. [11] measured rela-
tive distributions of the fission rates using 232Tht 235u and 238o fissionchambers in a system close to spherical, containing stainless-steel-canned
lithium blocks. Comparison of these distributions with a BLANK calcula-
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10-3

Fig. 3 The neutron leakage spectrum of the iron sphere with
22.3 cm radius at the 30° and 120' angles to the beams
—— experiment, e«=30°} —— experiment, 8 »120°;
~jj- calculation by the BLANK code with the EHBL data.
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Fig. 4 The leakage spectrum for the Nb sphere 25.4 cm in diameter
with Am-Be neutron source: ooo - experiment, —— calculation,
ENBLj --- calculation, Smith's evaluation [l?3«
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tion based on the UKNEL and ENDL data allows one to nalœ a general conclu-
sion that the calculation describes reasonably well the relative trend of
the fission rates over the assembly radius«

Kappler et al» [12] measured the neutron angular flux at 0° relative
to the beam in à 1 m diameter sphere of natural lithium, using the time-of-
flight technique. The measurements were made at 20 cm and 32 cm from the
center, übe authors state a significant disagreement of the experimental
spectra above 1 MeV with a discrete ordinates calculation based on the
ENDF/B-III library, but they find good agreement at lower energies.
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Fig. 5 The leakage spectrum for the Mo sphere 23 cm in diameter.
Source Am-Be. o - experiment? —— calculation, ENDL.

In the experiments reported by Moir and Hyman [13] the 14-MeV neutron
source was set in the center of a sphere, 30 cm in radius, made of lithium
deuteride with the natural lithium isotopic mixture. A comparison of the
7Li(n,n»oc)T reaction rates measured in the experiment with the BLANK calcu-
lation with Li data from the OTNDL (MAT 215) and ENBL (NAT 7007) is shown
in Fig. 2. übe curve of the ?Iii(n,n'oc)T reaction rate for the UKNDL data,
shown in Fig. 2, has a steeper slope and goes lower than the curve correspond-
ing to the ENDL data. It might be supposed that this is due to the signifi-
cant difference (~4<$) between the UKNDL and ENDL evaluations of inelastic
scattering to the first level of ^lA. within the energy range 3-8 MeV.
Besides, the 'Li(n,n'a)T reaction cross section is 1O# lower in the UKNDL
file than in the ENDL file, for energies from 4 to 10 MeV.

Byrjukov et al [14] measured double differential cross sections for
neutron scattering by ?Li nuclei at an, initial energy of 9.1 4-0.2 MeV.
The inelastic scattering cross sections with excitation of the first level
at 0.48 MeV, the 7Li(n,n'a)T reaction, and total cross section reported in
Ref. 14 agree reasonably well with the BNDL library data.

STRUCTURAL MATERIALS
If significant amounts of structural materials are placed in a region

with a hard neutron spectrum, their influence on the balance of neutrons
and energy can be significant. In hybrid reactors this applies particularly
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to the materials of the first wall: stainless steel (iron) for a low-
temperature blanket and niobium and molybdenum for a high-temperature one.

übe neutron leakage spectra from iron spheres with 4.46, 13*41 and.
22.3 cm radii and a R-T source were measured by Hansen et al. [15]«übe measurements were performed using the time-of-flight method at 30° and
120°.relative to the beam direction. Fig. 3 shows à comparison of the
experimental spectra from the 22.3-om radios sphere with a BLANK calcula-
tion using ENDL (MAT 7029) data.
The experimental results are given as the smooth curves plotted through the
points of Ref. 15. The dashed curve shows the spectrum for 120° and the
solid one corresponds to 30°« The source neutron energies for these angles
are 14.97 and 13.65 MeV, respectively. Ihe calculation spectra are shown
as histograms. The calculation with the ENDL data agrees reasonably well
with the experiment. The discrepancy in the 8-10 MeV range seems to be due
to a large statistical error in the calculation of small portions in the
spectrum by the Monte-Carlo method.

Figs. 4 and 5 show a comparison of leakage spectra, calculated with the
BLANK code, with experimental spectra [16] obtained with the spheres of Nb
and Mo surrounding an Am-Be neutron source. The accuracy of the experiment
is estimated to be about 10$. Both the measured and calculated spectra are
normalized to a source strength of 1.3 x 108 neutrons/sec. For niobium
(Fig. 4) the calculation was carried out using the ENDL (MAT 7034) and data
evaluated by Smith et al. [17]. Both versions within the error limit give
agreement with the experiment above 6 MeV and below 2 MeV. Within the
4—6 MeV range a distribution, harder and closer to the experiment, is ob-
tained from the calculation with the constants evaluated by Smith et al C17]«
The experiment with molybdenum, Fig. 5f is calculated only with the ENDL(MAT 7035) data. Above 5 MeV and below 2 MeV the results agree well; within
the 2—5 MeV range the calculation somewhat overestimates the neutron flux.

CONCLUSIONS
1. It is necessary that a complete library of neutron data be created

for fusion reactor calculations. The calculations based on the available
data sets give results with differences which exceed the admissible uncertain-
ty of key blanket functionals.

2. For confident application of the calculational results in the
construction of the fusion installations being designed, an extensive program
of neutron-physics experiments with the 14 MeV neutron source must be carried
out, including the following phases:

(2.1.) Integral experiments with pure material samples. In these
experiments the absolute neutron and photon leakage spectra
should be measured as well as the reaction rates within the
volumes of the samples with a thickness of several mean-free-
paths for the source neutrons. It is reasonable to use a set
of threshold detectors in the experiments. Of great interest
is the estimation of the neutron balance in the sample. On
the basis of the analysis of data reported in the literature,
integral experiments on samples of the following materials
could be recommended: fissile materials - 23°U, 235u, 232Thj
lithium and lithium-containing materials - LiAl̂ » Li20, LigC,
LiH{ and structural materials - C, Al, Cu, stainless steel.

(2.2.) Differential measurements of individual properties of the
materials (cross sections, secondary neutron spectra) oan be
carried out if it becomes necessary to improve them on the
basis of an analysis of all the known integral experiments
and their comparison with the calculations. In the experi-
ments with thin samples it is also reasonable to determine
the integrated characteristics of the spectra using the
threshold detectors.
At present evaluations and, possibly, measurements of the
characteristics of the following materials are required:
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Lithium - There is a significant discrepancy in the UKNDL
and ENDL library evaluations of the cross sections of the
7Li(n,n'a)T reaction and inelastic scattering with excita-
tion of the first level within the energy range 3—10 MeV, as
well as the secondary neutron spectra of the 'Li(n,n'a)T
reaction.

_ Agreement between the evaluated data on the secondary
neutron spectra and the experimental results is required.

(2.3.) For calibration of the calculation method together with the
evaluated data and verification of the characteristics of the
particular blanket schemes, simulation experiments are re-
quired, using a 14 MeV neutron source located inside assem-
blies simulating the composition of the design schemes.

3« A common source of basic information for the creation of working
libraries of functional-calculation constants listed in the introduction is
required. For this purpose it is reasonable that the files of evaluated
data should include not only KBRMA-factor and gamma-ray source cross
sections but also cross sections for activation and radiation damage. Eva—
luators should continuously enrich these data files with information for a
wide set of materials. To maintain energy conservation, the quantities res-
ponsible for energy yield must be evaluated simultaneously. The required
cross-section accuracy for calculations of the production of tritium and
fissile fuel is estimated to be 2-5$, while the required accuracy for the
other constants is about 10$.

4« For estimation of the uncertainty in calculated values, files of
cross section uncertainties, as well as uncertainties of angular and energy
distributions of secondary neutrons, must be developed.

When representing the variation of secondary neutron spectra as a
function of initial energy, interpolation rules giving a smoother dependence
of the functional s on the initial neutron energy should be used.
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ABSTRACT
A review is presented of neutron cross-section sensitivity and uncertainty

studies as applied to fusion reactor concepts. General observations are made
concerning the applicability and potential value of such studies, as well as
their current limitations. While literature is cited relative to sensitivities
to D-D and D-T cross sections, as well as to temperature of the D-T reaction,
these topics are excluded from discussion. After a brief review of cross-sec-
tion and secondary-energy-distribution sensitivity theory, most emphasis is
focused upon published studies of the TFTR, experimental power reactors, and a
conceptual commercial reactor (NUWMAK). Salient results of these studies, as
they pertain to cross-section measurement and evaluation requirements, are
summarized. Lastly, some comments are made relative to cross-section data
requirements in the 14-50 MeV region.

I. INTRODUCTION
Under the topic of sensitivity and uncertainty analysis we consider primarily

the work performed using classical perturbation theory and cross-section uncer-
tainty covariance data. Specifically excluded are several studies performed using
alternate evaluated data sets or credibly deviant data sets devised by the analyst.
Fusion reactor nucleonics analysis being a comparatively new field of endeavor,
the scope of this review is thus confined to relatively few papers, mainly those
reporting cross-section sensitivity**studies of the Tokamak Fusion Test Reactor
(TFTR) and experimental power reactor (EPR) design studies. In order to keep the
topic more manageable, we also exclude any detailed discussion of hybrid reactor
sensitivity studies. However, this does not imply a lack of recognition of the
importance of hybrid reactor concepts or of the vital role cross-section data play
in conceptual hybrid design exercises. Rather, it reflects a lack of published
investigations in this area, with two notable exceptions.(la>lb) Likewise, appli-
cation of sensitivitity methods to design and analysis of integral experiments,
although very important, is beyond our scope.

Upon the recommendation of the International Nuclear Data Committee, data up
to 50 MeV are included in this review. However, no uncertainty studies per se
have been performed for neutron energies above ~ 14 MeV, so review comments are
necessarily mostly qualitative.

Other areas where sensitivity studies exist in the literature, but which are
specifically excluded from this review, are the sensitivity of multigroup cross
sections to thermal broadening of the fusion peak,'̂ ) and of plasma burn to the D-D
and D-T cross sections.(3)

The theory of cross-section sensitivity is fortuitously simpler for fusion
reactors than for fission reactors, because eigenvalue problems are obviated.
Most analyses involve only inhomogeneous source terms in the linear Boltzmann equa-
tion, leading to a relatively simple logarithmic derivative of a reaction rate with
respect to a cross-section. In Sec. II below a brief summary of the theory is given,
including recent extensions to secondary energy and angular distributions.(4»5)
Section III then presents a discussion of detailed results from the literature, for
the TFTR, EPR, and a conceptual commercial power reactor (NUWMAK). Also, comments
are made in Sec. Ill regarding data in the region above 14 MeV. Conclusions from
the studies in Sec. Ill are then summarized in Sec. IV.

At the outset it is useful to make a salient, if perhaps obvious, point re-
garding sensitivity studies. That is, such studies are intrinsically design de-
pendent, as is explicitly shown in the tneory (Sec. II). The immediate implication
is that the question, "Are the available cross-section data for a particular nuclide
"N" satisfactory for fusion reactor design?" is unfinished, leaving wanting two key
qualifiers; viz, 1) for what design model, and 2) for which response functions.

Work performed under the auspices of the U. S. Department of Energy.
•X"3fIn this review we will use the abbreviated phrase "sensitivity" studies to include
uncertainty analyses where it is clear from the context.

121



Another clear observation is that sensitivity studies are analogous to cross-sec-
tion assessments done previously by cruder methods for fission and fusion devices,
albeit more comprehensive and providing differentials of uncertainty rather than
just point values. Being design-dependent does not, however, mean that broader
conclusions than those for a specific design cannot be drawn from a sensitivity
analysis. On the contrary, for a generic class of designs the sensitivity results
for a prototypic set of design models can span the range of sensitivities for that
class. A practical case in point is the sensitivity analysis^) performed for an
EPR design, where the conclusions drawn may be largely valid for a later design
study of a reactor concept called The Next Step (TNS).

Another facet of sensitivity studies which may be self-evident is that they
are of direct value to both the reactor designer and the cross-section technologist.
Their immediate value to the designer is to furnish him requirements for a margin-
of-safety component attributable to nucleonic uncertainties, which he can then
factor into design conservatisms. Secondly, the sensitivities can guide him in
selection of materials and configurations which will perhaps minimize nucleonic
uncertainties while still satisfying design criteria (e.g., selection of shielding
materials). Concurrently, the cross-section technologist is able to determine
which additional experiments and/or evaluations are most likely to, first, signif-
icantly decrease uncertainties, and, second, yield the lowest cost-benefit ratio.
While the foregoing qualitative introductory discussion deals with a somewhat
idealized application, many of the benefits mentioned have already been realized.
One case in point is the TFTR, where the value of the sensitivity analysis mani-
fested itself in the "negative" result that anticipated cross-section errors
should not be unacceptable for calculations of radiation exposure rate during
required access after reactor shutdown.

Historically, the modern development of sensitivity and uncertainty analysis
can be traced from the work of Prezbindowski(7) in 1968, to a mushrooming expansion
and application by Conn,W Bartine,(9,10) Gerstl,(11,12) and their respective
colleagues in the early 1970's. Some of these early applications were already to
fusion reactors.(8,9,12,13,14) -ĵ g totai fusion reactor sensitivity literature,
however, is still somewhat limited because of the relative newness of fusion
reactor nucleonics. It is still possible for a serious practitioner interested
in nuclear analysis or cross-section technology to readily familiarize himself with
most of these publications (e.g., Refs. 1, 4, 6, 8, 9, 12-19). More basic'litera-
ture on the theoretical foundations of sensitivity theory can be found among the
references given in Refs. 8 and 19.

With the notable exception of secondary energy and angular distribution
sensitivity, sensitivity studies have been hindered not primarily by theoretical
methods or computer code availability, but rather by lack of cross-section
covariance data. Strictly sensitivity (not including uncertainty) analyses are
readily performed using standard discrete-ordinates transport codes and subsequent
straightforward integrations over the Boltzmann equation phase space. However,
the uncertainty analysis then requires covariance data which can be equally
voluminous as the cross-section data entering the purely sensitivity analysis.
In practice, evaluated covariance data have only recently become available in the
ENDF, and those are still preliminary and sparse. Hence, most uncertainty analyses
to date have by necessity used ad-hoc covariance data, most of which contain no
covariances among partial cross-sections. From the outset it is clear that the
surface has just been scratched in uncertainty analysis and, to extend the metaphor,
the cutting edge is now the covariance evaluation efforts.

II. SENSITIVITY AND UNCERTAINTY THEORY
Cross-section sensitivity theory has been derived by various authors from

several points of view. Here the approaches of Refs. 10, 18, and 19 are eclecti-
cally synthesized for an exposition ending with a transparent parallelism to the
actual computational procedure. Secondary energy and angular distribution
sensitivity theory discussions follow the approach of Refs. 4 and 5.
A. Cross Sections

Given a cross-section uncertainty, AZ, the objective is to determine the un-
certaincy, AR, in a selected response, R, where R is a linear functional of the
flux <KC). In general, we will deal with the phase space of the Boltzmann equation,

| = (r,ft,E ) (1)
in the conventional notation.
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Concentrating on a set of multigroup cross-section data (Ŝ }, we seek an
expression for the standard deviation of R, which we denote AR, in terms of the
known covariances of the (Z-̂ }. First, we note that R is defined by

R = «KP> , (2)
where p is a given response function, and the inner-product notation <,> represents
integration over the phase space Ç. Also, the forward and adjoint Boltzmann equa-
tions can be written conveniently in operator notation as

L4> = S (3)

p , (4)
where L and L* are £he respective transport operators, S is the inhomogeneous
source term, and p(£) is the response function of interest (i.e., the adjoint
source). Then from well-known variational principles it can be shown that for
R = <(|>,p> = «)>,L*<J>*>,

OR = «|>,op> - «ML*<|>*> + o2 . (5)
Then if L.» is the portion of the operator containing £if by the linearity of L wecan writetlO,18)

ap/p <(fr»P>. «J> »M^*^oK/K _ ____i •*• i ,.,..
ÎÏ7 /V T? ~ t> ' W/OL./L K K

where the first term on the right is a direct effect of a change in the response
function, and is nonzero only if the response function depends directly on Ë.
(e.g., if p is a linear function of £$). In practice the two terms are treated
separately because only the second term involves any complexity. Note that Eq.
(6) involves integration over all phase space, except the variable E when i denotes
an energy group. By convention the energy variable is usually kept explicit and
a differential (with respect to lethargy) &<Mi>-L£i\l<ity pfwfaiJti is defined as follows:

, 3 (toR) = 3R/R
Z. - ~ 3(*nE.)dUnE) 3Z. » (l)

Vor
«|> ,L*<|>*>

pt
Sl A - RA'U/ (8)

when i denotes an energy group of lethargy width Au^. An important point to keep
in mind, however, is that in the theory leading to Eq. (6), the subscript i can
denote any partition of the transport operator (e.g., into partial cross-sections),
not just an energy-group partition. Thus, Pj. has a supressed index which in
normal practice represents the partial cross-section, while i represents an energy
group. Further, the domain of phase space is often subdivided so as to determine
sensitivity profiles for individual material zones, for example. In fact, the
definition of a sensitivity profile as in Eq. (8) can follow naturally from a
differential sensitivity profile given by

Returning now to the calculation of AR, which is defined as the positive
square root

ARA[E{SR2f]1/2 = [Var(R)]1/2 , (10)

where E{ } denotes an expectation value, we formally can write

3RVar(R) = E E 3R ,,, 3R
3Z. OLi äZ "j (11)
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where we accept the assumptions of linear perturbation theory; i.e.,

i

Equation (11) can then be written

Z So ST>
gjr |jr EfoS^E.} , (13)

where E{Ô£.JÔ£J} is commonly called the covariance or dispersion matrix for the
set {Z±}. Dividing Eq. (13) by R2 yields

2 --^ rCov(Z4,Z4)l
U
M- VP P I —^i-N

E. Vj j> (14)

where Pv = Au. P'- . For compactness we define a sensitivity profile vector£± i Z1

1= UV 1 (15)

and a relative covariance matrix
Covg £)£ - r n

Then

A = P C PC , (17)K. — — —

and the quantity of final interest, as computed by multigroup sensitivity and
uncertainty analysis computer codes, is the relative standard deviation of the
response ,

AR t 1/2
- <P ) -

The problem is clearly separated into a design-dependent vector P_, and a cross-
section covariance matrix C^ which is dependent only on the data.

Of interest for preliminary scoping studies is the integral sensitivity,
defined by

The integral sensitivity can be interpreted as the fractional change in a response
from -simultaneous unit fractional increases in all E . ', viz, a logarithmic derivative.

B. Secondary Energy and Angular Distributions
For brevity we will consider only secondary-energy-distribution (SED) sensi-

tivity theory; the development for secondary angular distributions is directly
analogous. Gerstl ob served^» 5) that if one looks at the adjoint parallel to the
computation of cross-section sensitivity, an SED sensitivity immediately results.

Starting with the adjoint expression for R,
R = «j>*,S>
= <4>*,L4» , (20)
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one can define a quantity

A EA ——— IE ,E ̂ (21)
.̂1 A.

E',E

where i represents a specific transfer matrix component in the scattering-in integral
of the transport operator (e.<g.; i = elastic or i = n,2n) and <»>E*,E denotes in-
tegration over all phase space except E' and E. Writing out Eq. (21) explicitly
gives

E l p>E

Equation (22) can be interpreted physically in complete analogy to Pj; in
Eq. (8) as the percent change in R due to a unit percent change in S*. In a
multigroup representation a two-dimensiorial array results, where the incident
energy E'eg' is considered as a parameter. In other words, for each incident
energy group, g*, a sensitivity profile is computed as a function of the secondary
neutron energy E. Integrating Eq. (22) over E'eg1, we can write

(23)
, 3E , /£ tj.8 »g g-"g g'''g

as the SED sensitivity profile for incident neutrons in group g1 as a function
of secondary energy group g. These SED sensitivity profiles are always non-
negative because they include no loss term. GerstlW gives multigroup discrete-
ordinates equations for pSED g^^ shows representative plots of pSED/Au Au , ,yi yi g gv,g Vthe doubly-differential SED sensitivity profiles, where g' is a parameter and E
is the independent variable.

In order to provide a manageable framework for applying the above formalism
in practice, Gerstl defines integral SED sensitivities in analogy to Eq. (19),
but with an added concept to characterize the secondary energy distribution. After
defining a median-energy group gm as that group into which the median energy of the
secondary energy distribution falls, the distribution itself is divided into a low-
energy ("cold") and high-energy ("hot") portion. The integral sensitivity

0 •»• HOT

g=l S^St1 ^. 0 * COLD

, > 0 •»•
ED I
',g I

^. 0 *
SSED . y pSED _ V^ pSED ( }
g' L~t g',g Z^ g'

reduces the SED sensitivity to one integral parameter which is "hot" or "cold"
depending upon whether S|CD is positive or negative. That is, S|ED is a quanti-
tative measure of how much more sensitive the response is to the "hot" secondary
neutrons than to the "cold" ones.

Quantification of the uncertainty, AR/R, resulting from SED uncertainties,
proceeds in parallel to that for cross sections. First, one can define a fraction,
f, by which the hot portion of the spectrum is increased and the cold portion
correspondingly decreased; i.e.,

!
+l » g £ g_m . (25)
-1 , g > g,

(4)Formally, one can then write the variance of the response as

/AR\2 = V» „SED SEDssCov(f,f.) . (26)
R/SED
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Of more immediate practical interest is the change in response associated with an
estimated change in an SED,

- SSED£ 'SED -, V V
g

III. SELECTED RESULTS FROM SENSITIVITY STUDIES
As is noted in one of the first comprehensive sensitivity and uncertainty

analysis for a fusion reactor, (13 »18) there are three essential steps to providing
a rational basis for cross-section measurement or evaluation priorities; viz,
1) specifying the accuracy required in predicting important nuclear design param-
eters, 2) determining the sensitivity of these nuclear design parameters to selected
cross sections, and 3) making quantitative estimates of the uncertainty of currently
available cross-section data (i.e., covariance data). A final step, the performing
of an uncertainty analysis, is of course implied. The first step is largely out-
side the domain of sensitivity analysis, but is an extremely important interface
with the design project that must be initiated prior to commencement of the sensi-
tivity analysis. Once the accuracy criteria are set, the sensitivity analysis can
begin if a preliminary design model exists. Due to the large number of cross-sec-
tion data needed for fusion reactor nucleonics calculations, it is clear that
complete covariance data cannot be provided in a short time frame. Perhaps even
more difficult a task is improving, within a short time frame, data which are found
to be deficient. Thus, the initial sensitivities determined for a preliminary
design can be used to semiquantitatively limit the scope of subsequent uncertainty
analysis. That is, at this time in the evolution of uncertainty analysis the
preliminary sensitivity studies guide the assignment of priorities for covariance
data evaluations. In the future, when extensive covariance files are available
in ENDF, the sensitivity and uncertainty analyses may be performed contiguously in
time, but such is far from the case today.

The following review illustrates the methodology used for sensitivity studies
in several cases - the TFTR, EPR, and NUWMAK designs. A detailed discussion is
given for the TFTR, an experimental device now under construction. Then the
sensitivity of two EPR designs are discussed and summarized. Although the EPR
design studies were superseded by reactor concepts called TNS, which were sub-
sequently superseded by present design studies of a fusion Engineering Test Facility
(ETF) , the resulting cross-section requirements are still mostly relevant.

A. TFTR
The first step in performing a sensitivity analysis is selection of a nuclear

design model, which includes the material zones in which responses of interest are
to be computed. A one-dimensional computational model used for TFTR nucleonics
calculations is shown in Fig. 1. Since the main objective of the TFTR is to
demonstrate the scientific feasibility of a tokamak fusion reactor, it is not re-
quired to breed tritium, and therefore does not employ a lithium blanket. The
reactor is expected to operate in a pulsed mode, yielding a maximum of 1 000 pulses
per year and generating a maximum neutron fluence of 1.4 x 10^ fusion neutrons per
m2 per year on the first wall. (*0) Due to this low neutron fluence, radiation
damage or nuclear heating problems are not of major concern. However, the activa-
tion of magnet coils, structural materials, and instruments is considered a major
nucleonics problem area; in particular, the generation of long-lived radioactive
isotopes. Therefore, and for biological shielding reasons, a radiation shield is
provided as close to the plasma as possible. In cooperation with Princeton and
Westinghouse, ten threshold activation reactions in the structural material (zones
9 and 11 in Fig. 1) and themain copper coil (zone 10 in Fig. 1) were selected as
important nuclear design parameters of interest. Our objective was to estimate
the uncertainties introduced in the calculation of these activation rates due to
estimated errors in the neutron cross sections of the system. Of particular
interest are uncertainties in the cross sections of the shield zone 7, which
consists of a lead-borated polyethylene, and uncertainties in the activation
cross sections themselves.

In order to calculate the sensitivity profiles Py . and P -D according to
R ^iEq. (6), where Z^ is the p^ of Eq. (6), we performed a forward transport calcu-

lation for the TFTR model of Fig. 1 and an adjoint calculation for each of the
ten activation reactions considered, thus determining the angular fluxes <j> and
<{>*. All transport calculations were performed with the one-dimensional Sn code
DTF-IV in an Sg approximation, using 20-group P 3 neutron cross sections. This
cross-section set covers neutron energies between 2.02 and 14.92 MeV, which is
sufficient for the activation reactions considered. Cross sections and covariance
data for the activation reactions were evaluated at LASL. (21) The angular fluxes
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<)> and <|>* from the transport calculations were then used in the LASL sensitivity
code SENSIT-1D to evaluate Eqs. (6) and (19), and to plot the sensitivity profiles
of interest.

Integral sensitivities of all ten activation reactions to all significant
transport cross sections in the TFTR were calculated and found to be all negative,
indicating that an increase in such cross sections would cause the respective acti-
vation rate to decrease. The largest integral sensitivity found is that of &5cu
(n,p)65Ni to the copper cross sections, which indicates that a 1% increase in the
total cross section of copper would decrease the &5$± production in the coil by
2.05%.

Since explicit covariance matrices could be produced for only a limited number
of partial cross sections (called "transport" cross sections in this analysis to
distinguish them from the activation cross-section used as a response function)
and for all activation cross sections, it was necessary to use upper limit estimates
for many "transport" cross-section errors, (AZ/Z) max- Upper limit uncertainties
are then computed by

AR\ _ - /AZ\
~R/ " S Z V Z 7 ' (28)

'max inax

where

Table I gives the results of applying Eqs. (14), (28), and (29) for two reac-
tions of interest, denoted

54 541: Fe(n,p) Mn

and
RIQ: 65Cu(n,p)65Ni .

In order to obtain the predicted response uncertainties in each of the ten acti-
vation rates due to the cross-section error estimates, it was assumed that the
cross-section errors are uncorrelated among the partial cross-sections and materials
listed in Table I; i.e.,

AR
(30)

where k denotes a particular partial cross section and material. Table II shows
the results of this quadratic combination of errors, as well as those due to the
response function (activation cross section) errors, A£̂ . The last two colums in
Table II are the result of a further quadratic combination of the "transport" and
activation cross-section errors. Note that the final uncertainty in reaction rates
is due overwhelmingly to estimated "transport" cross-section errors, primarily
because of the conservatism inherent in the calculation of (AR/R)max v*a E<1- (28).
In Table II the zone numbers are abbreviated as, for example, Z9 for zone 9. Also
Al was treated as an alternative to steel in 29 and Zll.

Having estimates of the reaction rate uncertainties, the question then is
whether these are within acceptable bounds. However, a nuclear designer is not
concerned with activation rates, but rather with biological dose-equivalent rates.
Thus, in conjunction with the designers, a criterion was established that the
maximum allowable uncertainty (standard deviation) in personnel radiation exposure
rates should be 50%. The absolute reaction rates were then used to compute exposure
rates, E, shielded and unshielded, along with their corresponding uncertainties.
Shielding was specified to satisfy the designers' criteria:

E <
100 mrem/h at 2 h after 1 pulse

10 mrem/h at 1 d after 1 y operation .
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Table III shows the results of the analysis, where the AEj are calculated analogously
to ARj in Eq. (30). However, in summing uncertainties AE^ over all indivicual isotopes
i, care must be taken to observe possible correlations. First, all "transport"
cross-section errors were assumed to be uncorrelated with all activation cross-sec-
tion errors, so the AE^ can be computed by quadratic combination of these errors.
But the "transport" cross-section errors generate an error in the flux <(> used to
calculate the reaction rates R-̂ . Clearly then the uncertainties in the RI'S due to
"transport" cross-section errors are fully correlated and should be summed linearly
over i. Further, it appears reasonable to assume that the activation cross-section
(response function ) errors are totally uncorrelated, because they are in general
independently measured and evaluated. The total uncertainty, AE, from these con-
siderations can be written

1/2

AE = (32)

In conclusion, the uncertainty in the TFTR dose rates is 41.4% for the most
stringent exposure rate criteria (10 mrem/h at 1 d after 1 y operation) and 49.3%
for the less stringent criteria, as can be seen in the bottom line of Table III.
These values just barely meet the allowable criterion of 50%, but have a known
conservatism in many of the (AE/Z) estimates. However, if the allowable un-
certainty criterion had been more stringent, the uncertainty analysis could have
been traced backward from the largest contributors to AE in Table III (e.g., ̂  Co
and Mn) to their production reactions. An examination of the sensitivity profiles
for the production reactions and the corresponding covariance data would then give
insight into which reaction cross sections and energy ranges are potential candidates
for additional measurement or evaluation.
B. EPR, TNS, etc.

After no unacceptable cross-section uncertainties were found in the TFTR
study, attention was turned to a'possible first generation of power producing
reactors, the EPR designs. The EPR designs extant, as well as later conceptual
studies of a TNS or Ignition Test Reactor (ITR), are generically similar in many
respects. For example, they have superconducting toroidal field (TF) coils in
which several key response functions are of interest. Also, iron (or stainless
steel), berated hydrogenous materials, or B/jC are used for shielding the TF
coils. Co.",")

For the LASL assessment task, ' ' we chose the EPR design described in
Ref. 22 and in private communications. The design has two shield assemblies,
denoted "inner" and "outer". The inner shield refers to a segment of shielding
toward the toroidal axis. Figure 2 shows a one-dimensional model based upon a
radial traverse from the poloidal axis (plasma centerline) through the inner
shield. The thinner inner shield is of effective but costly stainless steel/B4C,
while the thicker outer shield is composed largely of less costly lead mortar.
The technical basis for alternative shields is in magnetic field profile consider-
ations. With the D-shaped toroidal field (TF) coils, there exists a relatively
large space for the outer shield, whereas the inner shield must be as thin as
possible.

At this point we consider the general approach used in the EPR data assessment.
First, a broad-ranging sensitivity study was performed simply using the total,
scattering (matrix) and absorption cross sections from the transport code cross-
section sets. These included neutron interaction, gamma-ray production, and gamma-
ray scattering matrices. From the large mass of these survey calculations, which
are automated in the LASL system,(17) we then isolated materials, partial cross
sections and energy regions of potential interest. This latter step is greatly
assisted by computing integral sensitivities. After a semiquantitative review of
the germane cross-section errors, we chose a manageable number of potentially
important materials and partial cross sections for more detailed error evaluation.
For these we processed available covariance data into multigroup form.

Cross-section covariance data were obtained by processing preliminary ENDF/B-V
data into thirty energy groups (cf. Réf. 23 for group structure) with the NJOY multi-
group processing code. The ENDF/B-V data are still preliminary at this date, so
the multigroup covariance matrices are subject to change. Many errors (mistakes)
were discovered and corrected in the processing of the ENDF/B-V covariance data.
Several deficiencies still exist in ENDF/B-V ; e.g., no covariance data exist for
Cu, and such data for l^B extend only up to 1.02 MeV. The latter deficiency is not
significant for the EPR analysis,(6) however, because the important (sensitive)
energy range for 10ß lies mostly from approximately 10 keV to 1 MeV. In order to
perform a preliminary uncertainty analysis for the EPR and TNS, the covariance data
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for Cr were adapted as an approximation for the Cu data. Table IV lists those 30-
group covariance matrices currently available. (̂ 4)

Because of the thinner inner shield, radiation effects in the inner TF coils
are more critical (22) than in the outer TF coils. However, for access during
maintenance the outer structure and TF coil activation are important, as opposed
to the inner. Thus, for our analysis we chose four radiation effects in the inner
TFC, and activation of the stainless steel outer dewar. Specifically, we considered:

INNER SHIELD: 1) neutron and gamma-ray heating in the TF coil superconductor, 2)
neutron and gamma-ray dose to the MYLAR insulation in the TF coils , 3) displacements
per atom (dpa) in the Cu matrix of the TF coils, and 4) transmutation of the Cu matrix.

CO CO

OUTER SHIELD: 1) activation of the stainless steel (SS) dewar [e.g., Ni(n,p) Co
or ̂ &Fe(n,p)56 Mn] .

Details of all the response functions, as well as sengitivites, etc., are presented
in Ref. 6. In this paper only selected sample results are presented.

As a sample case, let us consider the total neutron and gamma-ray heating in
the inner TF coil. Table V shows the integral sensitivities, Eq. (19), for this
response, to SS total cross sections. From this table we find the region (s) in
Fig. 2 which contribute most to the sensitivity. It is worth noting that these
data also give insight into the sensitivity of the response to design alterations
in these regions. From Table V it is clear that the blanket SS regions 6-8 are
most important. Also, it can be seen that Fe is the largest contributor to the
integral sensitivities, regardless of which region is considered.

Narrowing our example further we show in Table VI the component sensitivities
for Fe in regions 6-8. Here the sensitivity has been divided into the gain term
and loss term (cf. Ref. 18, App. B for details)

P = -P + PE. „tot r scat
î.loss ^

In this case most of the net integral sensitivity is clearly due to the neutron
scattering cross section. Thus, the uncertainty analysis should concentrate espe-
cially on Fe, and in particular on the scattering cross sections.

A representative sensitivity profile is shown in Fig. 3, where again the
sensitivity of the TF coil heating to the Fe scattering cross section was selected.
Notice the high sensitivity in the top two groups, with a subsidary peak below 1
MeV. This general shape is characteristic of all the sensitivity profiles, for
all responses and all materials pertaining to this EPR design.

Referring again to Table VI, the low sensitivity to the gamma-ray production
cross section, E(n->y)» is caused by the relatively short mean free path of the
gamma-rays in SS. However, the sensitivity increases monotonically as the region
approaches the TF coil.

Turning now to the B4C component of the shield, Table VII presents integral
sensitivity results comparable to those of Table V for SS. Here we see that the
sensitivity is highest for the outboard regions, where the neutron spectrum is
softened somewhat. However, the spatial variation is not nearly as strong as for
Fe (cf. Table V). Also, the 10B component of the B^C does not overwhelmingly
dominate the sensitivity as does Fe in SS. As would be expected, the net integral
sensitivity is in all cases negative, because almost any interaction decreases the
probability of a neutron's transmission to the TF coil.

Sensitivity profiles for the B and C cross sections show the same general
shape as those for Fe (Fig. 3), with a peak in the top group and another peak in
the 100 keV-1 MeV region. For 10]j, however, the sensitivity to the total cross
section is of comparable magnitude in the two peaks, and the lower peak is much
broader. This high sensitivity at the lower energy peak is due in part to the
neutron spectrum, which shows this same peak at all positions in the shield
regions . (10-18) Qne can conclude that even though these lower energy neutrons
have lower transmission probabilities to the TF coil, they are so prevalent in
the spectrum as to be a major contributor to the neutron and gamma-ray flux
reaching the TF coil.

As a final example from our detailed sensitivity analysiŝ ) of the EPR, con-
sider the sensitivity of heating in the TF coils to the cross sections in the TF
coil region itself. The response here is in the inboard edge (first mesh interval)
of the TF coil, while the sensitivity is to cross sections in the entire region 24.
The analysis shows a very low sensitivity to all neutron cross sections except for
Cu. This is to be expected because interactions in the TF coil itself do not
significantly alter the probability of a neutron contributing to heating at the
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inboard edge of the coil. Although It is of somewhat academic interest (because
of the precision with which gamma-ray interaction cross sections are known), a
relatively high negative sensitivity to Cu gamma-ray interaction cross section
is as expected.

Several major conclusions were reached in the sensitivity and uncertainty
analysis for an EPR. First, the wide ranging survey calculations, using trans-
port-code cross sections, have provided a rapid and thorough coverage of all
materials and regions of potential interest. This has proven to be an effective
way of eliminating the need for further analyses of many partial cross-section
sensitivities. From a pragmatic viewpoint, these partials are of interest only
if they provide significant contributions to the total sensitivity, and have
significant errors associated with them.

The complete sensitivity analysis(6) indicates that the scattering cross
sections of Fe and Cu, along with the absorption cross sections of the l^B in
840, are the most significant contributors to the integral sensitivities of the
responses considered. Of somewhat lesser importance were the scattering cross
sections of H, C, and Pb.

A similar study(16) for an alternative EPR design concentrated on sensitiv-
ities to C and Fe partial cross sections. The integral sensitivities of TF coil
heating to Fe and.SS total cross sections, as an example, are quite similar for
the two different designs; viz, -7.55 from Ref. 16 vs -7.375 in Table V. Using
preliminary ENDF/B data for C covariances, the authors of Ref. 16 found AR/R to
be approximately 2% for all three responses they considered. On the other hand,
they assumed AS-^ values for several partial cross sections of Fe that, along with
assumed correlation information, gave AR/R values of 99 to 110% (testing the limits
of applicability of linear perturbation theory). Although some of the assumed
covariances for Fe leave a wide latitude for revision as newer data are incorpo-
rated, the uncertainties in responses will probably remain appreciable. No defin-
itive design criteria have been set for the various response, but uncertainties of
approximately 100% are in most cases almost certainly unacceptable. Values for
acceptable nuclear heating and dpa uncertainties in the TF coils are more likley
to be in the 10-20% range,' ' so clearly Fe is a prime candidate for further
uncertainty analysis.
C. NUHMAK .

Recently a sensitivity and uncertainty analysis has been reported for a
conceptual commercial power reactor design, the NUWMAK. A schematic drawing of
the reactor poloidal cross section is shown in Fig. 4, which is reproduced from
Ref. (19). The reactor is a moderately sized tokamak power reactor(26) which has
evolved from a series of comprehensive conceptual design studies at the University
of Wisconsin. An eutectic Lig2?b38 compound is used in the blanket for breeding
and thermal inertia purposes. Also, different inner and outer shields are used,
for the same reasons as mentioned above for an EPR design.

Referring again to Fig. 4, several features of the design are germane to the
sensitivity analysis. Unlike the TFTR/EPR/TNS designs, the NUWMAK employs low-
activation materials (H, B, C, Li, Ti, Pb) for all regions except the inner
W shield. Also, 90% of the tritium breeding was found(19) to be contributed by
L̂i(n,t)̂ He reactions. Another very pertinent•result of the design study was that
the most restrictive criterion for the inner shield was the resistivity change of
the TF coil Al stabilizer, caused by the Al displacement rate of 2 x 10~6 dpa/y.
The inner shield is only 1.05-m thick and must attenuate the neutron intensity by
a factor greater than 108.

The sensitivity study in Ref. (19) goes beyond the determination of response
uncertainties, to address the cost/benefit analysis of integral measurements
proposed to reduce the uncertainties. The theory and results presented in the
latter area, although they provide a concinnity to uncertainty methods, are beyond
the scope of this review.

Sensitivity analysis of NUWMAK used the same methodology as discussed in
Sees. III.A and III.B, employing the ANISN one-dimensional discrete-ordinates code
for StiPj neutron transport calculations, and SWANLAKE for the sensitivity calcula-
tions. Wu and Maynard chose six key responses for analysis, as shown in Table VIII.
They caution the reader to interpret the results carefully, because the table only
includes the second, or indirect term in Eq. (6) of Sec. H.A. For example, the
large negative sensitivity of R^ to the ̂ Li total cross section (-0.865) is counter-
balanced by a +0.9 sensitivity from the direct effect on the ̂ Li(n,t)̂ He response
function, for a net sensitivity of only +0.035.

The responses of most practical interest are R5 and Rg in Table VIII, which
have the higher integral sensitivities and, in the case of Rg, is design limiting.
It was observed that the (n,2n) cross sections of W and Pb are the dominant con-
tributors to the sensitivity, with all of the sensitivity concentrated in the
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higher energy groups and peaking in the top group. In performing an uncertainty
analysis, however, data covariances for only four applicable materials - "Li, *• B, C, Pb -
were available in ENDF/B-V (cf. Table IV). Therefore, the authors assumed a 10%
uncorrelated uncertainty at all energies for ̂ Li, •'••'•B, Ti and W. Their uncertainty
results are presented in Table IX, where the uncertainties in R5 and Rg are over-
whelmingly caused by W cross-section uncertainties. Clearly, for this reactor a
major improvement in the shield design would result from improved accuracy of the
W cross sections. Curiously enough, in discussing cross-section evaluations and
measurement priorities, it was surmised(27) that W would also become a "priority 1"
material if used for the inner shield of a TNS.

D. CROSS-SECTION REQUIREMENTS ABOVE 14 MeV
In a departure from sensitivity and uncertainty analysis per se, we consider

here several aspects of cross-section data above ~ 14 MeV. With two exceptions, 0̂»2*'
the author is not aware of any sensitivity studies in this energy region. Reference
28 alludes to a sensitivity study of dose-equivalent through thick shields, to elastic
and nonelastic cross sections, but no literature regarding the study is cited. The
second study 2̂̂ ) was performed for DrBe source neutrons in a medical application,
where sensitivity methods in LASŜ - ' were used to select an optimum group structure.

The overwhelming interest in cross sections above ~ 14 MeV presently seems to
be associated with the Fusion Materials Irradiation Test (FMIT) Facility design
project. This facility will have a deuteron beam of ~ 35 MeV incident on Li, with
a resulting spectrum a,t 0° which peaks at ~ 14 MeV and has a high-energy tail to
~ 50 MeV. Although the spectrum is roughly bell-shaped, experiments have verified
a knee in the curve at ~ 35 MeV, producing more neutrons than originally expected
in the energy region where the neutrons are most penetrating. In a discussion of
the bulk shielding for the FMIT facility, Carter and MorfordC2̂ ) emphasize that the
most severe problem in the shield design is uncertainties in- the cross-section data
base > 14 MeV.

As mentioned in a previous paper,^2' there has not been much technological
activity requiring neutronics data at > 14 MeV. A lack of demand coupled with the
lack of widely available monoenergetic neutron sources has restricted the amount
of such data available. The FMIT facility has brought forth the importance of
remedying this situation, with concomitant demands for careful selection of
priorities. It is unlikely that the cross-section needs for shielding, activation,
spectrum tailoring, radiation damage, and dosimetry can all be met by the projected
operation date of the FMIT. Satisfying even the minimum needs will require a
well planned program with strict priorities, concentrating on nuclear model
calculations to fulfill most requirements.

Any listing of relative importance of particular nuclides and reaction types
must be associated with neutronics applications of those data. For example, in
studies of radiation-induced damage, the fact that important damage cross sections
are only weakly energy dependent above ~ 14 MeV makes i<likely that most damage
will be caused by neutrons in the 14-25 MeV region, where'most of the > 14 MeV
source neutrons originate. Similarly, the dosimetry reactions will need to be
determined with highest accuracy in this 14-25 MeV region.

In contrast to damage and dosimet'.ry reactions, cross-section data in the
30-50 MeV region are the most important for bulk shielding calcualtions. It was
determined(28) for the FMIT facility, where concrete shields 3 to 4 metres thick
were analyzed, that ~ 90% and ~ 70% of the dose-equivalent are due to source
neutrons with energies greater than 30 MeV and 40 MeV, respectively. A removal
cross section was then defined as the sum of the nonelastic cross section and that
portion of the elastic cross section scattering neutrons beyond 25°. It is because
this removal cross section is a monotonically decreasing function of energy that
the dose-equivalent is dominated by the higher energy neutrons. The authors state' '
that 0 and Fe are the most important elements in their shield design, and measurements
at a few incident energies between 20 and 50 MeV are now being made for these elements.
. IV. CONCLUSIONS

The usefulness of sensitivity 'studies to help define cross-section evaluation
and measurements requirements is indisputable. However, much remains to be done
before such studies can be made comprehensive and complete. While the theoretical
methods and codes are generally adequate for simple one-dimensional reactor models
considered heretofore, an extension to multidimensional and complex models is
imminently required. In particular, Monte Carlo sensitivity methods promise great
advantages in complex geometries, especially the important streaming problems already
uncovered in fusion reactor nucleonics. Even more important than methods and codes
is the urgent need for extensive covariance data files. Additional large data evalu-
ation requirements are being elicited by the recently developed SED sensitivity

131



methods, which require some characterization of secondary energy distribution
uncertainties, perhaps in the form of the f , factors discussed in Sec. II.B.

Results of sensitivity studies to date were summarized in Sec. Ill, but it is
useful to re-emphasize the recurring importance of the Fe cross sections in both
fusion reactor and irradiation facility shields. In the case of some inner shields
for tokamak reactors, the overwhelming dominance of uncertainties in the W cross
sections is clearly seen for responses in the TF coils. The large uncertainties
(40-100%) in TF coil responses found for several conceptual reactor designs are
understandable in terms of the large attenuations of neutron and gamma-ray fluxes
involved - generally > 10°. Although not reviewed in this paper, a hybrid reactor
sensitivity study(lk) showed appreciable integral sensitivities of tritium breeding
to 238u and Fe total cross sections; viz, -0.97 and -0.19, respectively. In this
case Fe was included only in SS as a 5-mm first wall and as an 8.6 v/o structure
in fission and breeding zones. Another study(9) of tritium breeding sensitivity,
in this case for a pure fusion reactor, showed fairly low values of sensitivity
to "Li, Li, and Nb cross sections. This study also presented a comparison of
the response uncertainty as computed by both the methods of Sec. II and direct
recalculation. As must be expected for total uncertainties in tritium breeding
of < 5%, the agreement is very good. A further result of this study, interesting
in light of the current questions concerning the 7Li(n,n't)̂ He cross section,(30)
was that most of the sensitivity is attributable to just that cross section.

A growing interest in D-Li neutron sources for fusion materials irradiation
experiments has intensified interest in neutron cross-section data above 14 MeV.
Since the status review of these data at a Symposium in May 1977 (cf. Réf. 27),
model calculations(28,29) have been used to devise cross sections for shielding
analysis of the FMIT facility. For shielding applications the data in the 30-50
MeV range are most significant, analogous to fission reactors where source neutrons
of ~ 6-8 MeV dominate for deep penetrations. By contrast, for dosimetry, damage
functions, and neutron transport in the target area of the FMIT facility, data in
the 14-25 MeV region are expected(2"0 to be most important.
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TABLE I
Predicted Uncertainties of Selected Activation Rates Aj and A10

Due to Estimated Errors in Transport Cross Sections I

"Perturbed"
Transport

Cross
Sections

C
C(n,n'3a)
Pb
Pb(n, 2n)
O

H
Fe
Fe(B,tot)
Fe(n,abs)
Fe(«,n'cont)
Fe(n,elas)
Fe(n,inel)
Fe(n,2n)
Cr
Ni

Mn
Al
Cu
Cu(n,elas)
Cu(n, inel)
Cu(B,2n)
Cu(«, tot)
Cu(n,abs)

Error
Estimates:
COVaor

(^\S ^max

fit)

25
COV
25

COV
25
2

25
COV
COV
COV
COV
COV
COV

25
25
25
25
25

COV
COV
COV
COV
COV

Maximum Integral Sensitivity S and
Predicted Activation Rate Uncertainty AÄ/Ä

for ÄI

S
<%per<£)

0.87
——

1.52
——

0.47

1.08
0.70

——
——
——
——
——
——

0.20
0.12
0.021
0.45
0.039

——
——
——
——
——

¥•*(¥)K \K /max

«) .
21.8
2.4

38.0
18.3
11.8

-2.2
17.5
2.2
0.71
4.4

2.5 .
3.5
1.2
5.0
3.0
0.53

11.3
0.98
0.12
0.13
0.04
0.12
0.04

for Rio

S
(k per?)

0.66
——

1.12
——

0.36

0.73
0.93

——
——
——

——
——
——

0.25
0.17
0.027
0.62
2.05

——
——
——
——
• — -

AÄ /AR\
lforVTL*

(%)

16.5
2.2

28.0
14.8
9.0

1.5
23.3

3.2
1.7
7.4

3.7 "
6.7
3.6 - .
6.3
4.3
0.68

15.5
51.3

5.0
6.8
9.6
5.1

16.8

*COV means Complete Covariance Matrix.

TABLE II

Summary of Predicted Uncertainties of Activation Rates fl,- Due to Estimated
Errors in Activation Cross Sections, COV(zf, S*), and

AH Transport Cross-Section Uncertainties

Activation Reaction
R,

RI = MFe(»,#)54Mn in Z9 and Zll
RÎ = "Mnfn, 2n)MMn in Z9 and Zll

A3 = S6Fe(n,pf8Mn in Z9 and Zll
R4 = **!«(«, pf*Co in Z9 and Zll
AS = "AKn, a)MNa in 29 and Zll
R6 = "AKn, pfMg in Z9 and Zll
R, = reCu(«, 2n)KCu in Z10
R8 = 0Cu(n, a)80Co in Z10
R8 = *Cu(n, 2n)MCu in Z10
R10= "Cu(n, />)ŒIB in Z10

*«>

Due to
Activation

Cross-Section
Errors

15.7

15.6
12.8
20.7
8.7

5.5
24.3
29.3

13.4
32.6

Due to Transport
Cross-Section Errors

Stainless-Steel
Structure

49.1
41.4
42.8
42.6
——
——

62.3
63.5

63.1
66.1

Aluminum
Structure

—
—
—
——

41.0
44.0
59.9
62.8

60.7
63.3

Due to All
Cross-Section Errors

Stainless-Steel '
Structure

51.5
44.2
44.7

47.4
——

——

66.9

69.9

64.5
73.7

Aluminum
Structure

—
—
—
—

41.8

44.3

64.6

69,3

62.2

71.2
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TABLE III
Predicted Absolute Uncertainties in Calculated

All Cross-Section Uncertainties—TFTR
Radiation Exposure Rates IXie to
Design with Steel Structure

Radionuclide,
i

"Mn
MMn
56Mn
58Co
raCu
«to
MCu
œNi

Tin

313 days
313 days

2.6 h
71 days
9.8 min
5.2 yr

12.7 h
2.6 h

Production
Mechanism
MFe(n,/>)
œMn(n, 2n)
MFe <», />)
58Ni(«, p)
œCu(n, 2»)
raCu(n, a)
œCu(B, 2n)
ŒCu(», p)

Production
Rate, R,

(Atoms pei-
Fusion Neutron)

1.35 E-3
4.80 £-4

3.32 E-3
2.30 £-3
9.89 £-3
1.03 £-3
9.55 £-3
2.69 £-4

Total exposure rate (unshielded):
E = X) E, , A£ according to Eq . (32)

t
Total personnel exposure rate (shielded):
(Ep ± A£p) = 3.45 x 10"3 (E ± A£)

Exposure Rate E, ± A£, After

1 Pulse and 2 h

F-,
(rem /h)

7.05 £-4
2.49 £-4

5.11 £+0
6.16 £-3
6.94 £-1
2.30 £-4
6.66 £-1
1.53 £-1

6.53

rem/h

22.5
mrem/h

A£,
(rem '11)

3.63 £-4
1.10 £-4

2.28 £+0
2.92 £-3

4.64 £-2

1.61 £-4

4.29 £-1
1.13 £-1

3.22

rem/h

11.1
mrem/h

1 \ r and 1 clav

E,
(rem hi

4.38 £-1
1.72 £-1

6.31 £-3
1.67 £K>

<£-10
2.19 £-1
4.26 £-1
1.91 £-4

2.90
rem/h

10.0
mrem/h

A£,
(rem 11)

2 2<> £- 1
7.60 £-2

2.82 A-3

7 92 r-l

<£-10

1.53 £-1

2.75 £-1

1.41 £-4

1.20

rem ' h

4.14
mrem h

TABLE TV
Preliminary ENDF/B-V Covariance Data 0BN33) Processed with NJQT Code

MAT

305

306

324

326

328

329

382

1301

Nuclide

B-10

C

Cr

Fe

Ni

*

Cu

Pb

Hl

MT-Nos. Processed

1,2,107,780,781

1,2,4,51-68,91,102
104,107

1,2,3,4,16,17,22,28,
102,103,104,105,106,
107

1,2,3,4,16,22,28,102,
103,104,105,106,107

1,2,4,16,22,28,51-76,
91,102,103,104,107,
111

1,2,3,4,16,17,22,28,
102,103,104,106,107

1,2,3,4,16,17,51,52,
64,102

1.2

Reaction Cross Sections

Total, elastic (n, a), (n,ao),and (n.ô )
Total, elastic, total inelastic,
inelastic levels 1-18, inelastic
continuum, (n,Y>, (n,d), (n,a)
Total, elastic, nonelastic, to-
inelastic, (n,2n), (n,3n), (n,
n'a), (n,n'p), (n.y) , (n,p),
(n,t), (n,d), (n,3He), (n,a)
Total, elastic, nonelastic, to-
tal inelastic, (n,2n), (n,n'a),
(n.n'p), (n,y), (n,p), (n,d),
(n,t), (n.JRe), (n,a)
Total, elastic, total inelastic,
(n,2n), (n,n'a), (n,n'p), in-
elastic levels 1-26, inelastic
continuum, (n,y), (n,p), (n,d),
(n,a), (n,2p)
Total, elastic, nonelastic, to-
tal inealstic, (n,2n), (n,3n),
(n.n'a), (n.n'p), (n,y), (n,p),
(n,d), (n,3He), (n.a)
Total, elastic, nonelastic, to-
tal inelastic, (n,2n), (n,3n),
inelastic levels 1,2, and 14,
(n,a)
Total, elastic
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TABLE V
Neutron Integral Sensitivity, S 2 m» of the Inner TF

Coil Nuclear Heating Response to the Total
Cross Sections of Stainless Steel Components

Component

Cr
Kn
He
Hi
Mo

TOTAL

6-8
-0.601
-0.103
-2.480
-0.526
-0.091

-3.801

12
-0.212
-0.034
-0.868
-0.182
-0.033

-1.330

Region
14

-0.188
-0.031
-0.767
-0.164
-0.030
-1.180

16
-0.150
-0.026
-0.602
-0.140
-0.024

-0.944

23
-0.014
-0.005
-0.058
-0.010
-0.008

-0.097

Total

-1.168
-0.202
-4.775
-1.032
-0.187

-7.375

TABLE VI
Partial and Net Neutron Integral Sensitivities of the Inner TF

Coil Nuclear Heating Response to the Fe Component in
Stainless Steel Regions 6-8

Neutron Cross Section,* _. ,T „. T. . „ . _Integral Loss Term Integral Gain Term
- 0.17
12.98
12.81

10.33
10.33
0.014

Integral Net,

0.17
- 2.65
- 2.48
0.014

Component

TABLE VII
Neutron Integral Sensitivity, Sy_, of the Inner TF

Coil Nuclear Heating Response to the Total
Cross Sections of B̂ C Components

Region________________Total

10B
C

11

-0.221

-0.166

13

-0.268

-0.190

15

-0.375

-0.243

17

-0.543

-0.196

-1.409

-0.796

TOTAL -0.387 -0.459 -0.618 -0.739 -2.206
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TABLE VIII

Energy-Integrated Relative Sensitivities for NUWMAKRI -
R2 -R3-R4-RS -R6 -

Cross Section
Ti totalPb total
12C total1°B total6Li total7Li total
W total
Pb(n,2n)inel. level

inel. cont.elastic
6Li(n,a)T7Li(n,n'a)Telastic
Ti(n,2n)

inel . cont.
elasticW(n,2n)inel. cont.
inel. levelelastic

— Outer Blanket Breeding Ratio— Outer Blanket Neutron Heating
— First Wall Ti dpa Rate
— First Wall Ti Gas Production Rate
— Neutron Energy Leakage to Inner Magnet
— dpa Rate in Al Stabilizer

Ri
-0.
0.
0.
-0.
-0.
0.
0.
-0.
0.
-0.
-0.
0.
0.
-0.
0.

050
137
048
__

865on
115
002
022
040
864
036
023on
028
007

R2
-0.
-0.
-0.-1.

079
051
024
795

-0.652
-0.
0.
-0.
-0.
0.
-0.
-0.
-0._
-0.

—

105
006
025
031
001
644
047
042—
037
..

R3
-0.
0.
—
M

-0.

0.
-0.
-0.
0.
-0.
-
_
0.
-0.
0.

016
120
..*.

—— •.on
064
024
002
085on
--
._
004
017
014

R4
-0.
-0.

_
W

_

0.
_
_
_
_
.

-0.
0.
-0.
-0.
0.

039
003
— —
w~

«_
013
—
—
__
..
_.
007
018
025
028
018

-0
-1
-0
-2
-0
-0
-5
-1
-0
-0
-0
-0
-0
-0
-0
-0
-0-4
-0
-0
-0

R5
.349
.598
.633
.106
.025
.319
.214
.078
.146
.181
.181
.001
.132
.131
.097
.157
.052
.123
.474
.126
.451

R6
-0.334
-1.238
-0.595
-2.094
-0.024
-0.303
-5.282
-0.712
-0.154
-0.127
-0.231
-0.001
-0.129
-0.119
-0.084
-0.152
-0.054
-4.030
-0.622
-0.143
-0.449

TABLE IX

.Relative Uncertainty (%) of the Responses Contributed
From the Uncertainties of Total Cross Sections in NUWMAK
Material

Ri

6Li 0.72
Pb 0.34
12c 0.02
10B

W

TOTAL 0.80

</z AR/R)2)

R2

0.55
0.10
0.02
0.39

0.68

AR/R (%)
R3 R4 R5

—— 0.03 ——
0.02 0.39 5.02
—— —— 1.09

2.89
42.35
2.46
1.50

0.02 0.39 42.88

R6

3.89
1.78

2.65
39.86
2.14
1.07

40.24
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Fig. 1. One-dimensional computational model
for TFTR cross-section sensitivity
analysis.
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Fig. 3. Sensitivity of the maximum neutron
plus gamma-ray heating in the TF
coils to all scattering cross
sections of Fe.
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1

2
3
4
5
6
7

9
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21
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Fig. 2.

Region Material Radius (em)
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BLANKET S. S.
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B4C

S. S.

V
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V
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0.0
210.0
240.0
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One-dimensional compu-
tational model for EPR
inner blanket/shield.
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1% H2O

0.25% Pb
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0.25% Pb

SHIELD
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95.25% B4C

1 % H20

0.25% Pb

Fig. 4. SCHEMATIC OF THE BLANKET AND SHIELD
FOR NUWMAK



THEORETICAL APPROACH TO NUCLEAR DATA -AG-159/B2
REQUIRED FOR FUSION REACTOR CALCULATIONS Review Paper

D. SEELIGER

Technical University, Dresden, GDR

Abstract :
By several examples the performance of some computer codes,
based on pre-equilibrium and equilibrium statistical models,
is demonstrated. Angular integrated cross sections for
neutron induced reactions, which are of interest for the
fusion reactor, are well described by the multi-step
Hauser-Feshbach code STAPRE. The present situation of angular
distribution calculations is discussed.

INTRODUCTION

The near-term fusion reactor is expected to operate on the
T(d,n)4-He reaction, which has a maximum neutron energy below
15 MeV. While the energy region of neutron induced reactions
below about 6 MeV has been intensively investigated in connec-
tion with the fast breeder programmes, the specific area of
interest for fusion reactor systems is mainly concentrated within
the energy range from 8 to 16 MeV. However, in connection with
radiation damage studies at high-intense d - Li sources for
special reactions the energy region of interest for fusion
research will be extended up to about 40 MeV.
And so, speaking about theoretical approaches to neutron nuclear
data for fusion research programmes» we have to consider mainly
neutron energies below 20 MeV and have a look also to higher
energies.

In this energy region, excluding light nuclei, statistical
descriptions of nuclear reaction processes are valid. At present
the most succesful theories of that type are equilibrium and
pre-equilibrium statistical theories, i.e. evaporation theory,
Hauser-Feshbach theory and exciton models. Inrecent years with
averaged direct reaction theory calculations a good description
of the high energy part of continuous spectra and angular
distributions of emitted particles have been obtained also.
In this paper, we describe calculations employing the optical, the
pre-equilibrium and statistical models by several examples. At
first, some results, obtained with the pre-equilibrium code GLUNE
for neutron emission spectra at 14 MeV incident energy and some
results of an evaluation for °%b + n reactions are presented.
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As a next step, results obtained mainly with the Hauser-Feshbach
model code STAPRE for reactions Fe + n, in comperison with
excisting evaluations, and some results of 3f -emission spectra for
9%b + n and 56Fe + n are briefly presented. Finally, the possi-
bilities of angular distribution calculations of continuous neutron
emission spectra are discussed.

BEUTRON EMISSION SPECTRA
A well established way of calculation of angular integrated

neutron emission spectra at incident energy around 14 MeV is
connected with the combination of the simple phénoménologie
exciton model with the classical V7eisskopf evaporation theory
[1.2].
The physical picture of this type of calculations is the following:
After the bombardment of the nucleus by a neutron, the compound
system, starting with a small number of degrees of freedom (two
particles plus one hole correspond to n= 3 excitons), is gradually
transformed into a more complex configuration (for each transition
A n = 2), until a state of statistical equilibrium is reached, i.e.
the state of the compound nucleus. There is a specific probability
of the emission of a nucléon from each pre-equilibrium state with
n quasiparticles. Every emission will lead to a unit decrease in A
and n and to a decrease in the excitation energy. The nucleus
(2, N) will therefore give rise to a nucleus (Z- 1,N) in the case
of emission of a proton or ( Z , H - 1 ) in the case of emission of
a neutron and so on.

Absolute spectra for both types of nucléons from all inter-
mediate nuclei are calculated as long as the excitation energy
does not become less than the nucléon binding energy. The calcu-
lations are performed on the basis of the hybrid model [ 3 ] >
according to which the probability nPx(E) of pre-equilibrium
emission of a nucléon of type x from a state with n excitons is
equal to

X(E) =
effl(E)

where
is the number of nucléons of type x in the state n ;

n -1^U),?n ^E ^ represent the densities of states with n - 1 and
n quasiparticles in the final and intermediate nucleus,

respectively, as obtained by combination of equidistant,
single-particle levels;

•v is the probability of emission, obtained from 6*„-T byA 9m J-U.Vmeans of the detailed balance principle; and
\ is the probability of an intranuclear transition with
+ A n = 2.
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The equilibrium spectrum Pp (B) of particles of type x is
calculated from the comprehensive statistical theory of nuclear
reactions:

(2s +1) mE6 iav(E)fR(U)
(2)

/ E 6 iûv>v (E ) ft, (U ) dE„

where f R(U) is the level density of the residual nucleus, given in
terms of the Fermi-gas model by

[2(aUeff)1/2l.

Given the known cro-ss section of formation of an initial system
with n = 3, we thus obtain absolute spectra of the emitted nucléons
and after summation with respect to energy we get the cross sections
of the (n,n'), (n,p),(n,2n), (n,np), (n,pn), etc« reactions. Calcula-
tions have been carried out by the programme GLU1E.

As an example at fig« 1 for three target nuclei experimental and
oalculated neutron emission spectra, including pre-equilibrium as
well as first and second evaporated neutron components are shown.
The influence of pre-equilibrium emission on (n,2n) and (n,pn)
cross sections is discussed in more detail in the paper [2 ] •

Pig. 1
Neutron emission spectra at
14 MeV incident energy 4
in comparison with calcula-
tions with the combined
pre-equilibrium and equili-
brium code GLUBE
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NEUTRON CROSS-SECTION EVALUATION FOR 93Nb

The recently published neutron cross section evaluation for all
reaction channels °%b + n in the energy range up to 20 MeV 5
may serve as an example for what one can due with optical and
statistical pre-equilibrium and equilibrium models in a wide inci-
dent energy range.

One of the main features of this evaluation is the use of
a unique set of parameters for different model calculations, i.e.
nuclear level density parameter a, Q-values, pairing energies,
optical, potential parameters, transmission coefficients (inverse
cross sections), nuclear level scheme etc. The consistency of
calculation results for different reaction channels strongly
depends on the quality of these parameters.

In this sense the following reaction models and computer pro-
grams have been applied:
The Hauser-Feshbach program ELISA [o] for calculation of
6nT» 6n,n, 6n,n' as wel1 as 6n,« aad 6n,p in the enorS7 range
0.03 MeV to 5 MeV. Whole spectroscopie information up to an
excitation energy of about 1,5 MeV (16 and 10 isolated levels in
the neutron and proton channel, respectively) was treated exactly,
whereas the continuum region was taken into account by a nuclear
level density-dependent part. The calculations are based on a
spherical optical potential with energy dependent parameters which
have proved very successful for niobium [7] .

Optical model calculations (also by means of the program
ELISA) in the energy region 10 to 20 MeV to clarify some ambiguities
in 6 m and 6 . Here Holmqvist's parameter set [8] has proved
convenient to get cross-sections in fair agreement with experimental
one.

Calculations by means of statistical models including pre-
equilibrium and equilibrium particle emission in the energy range
above 9 MeV. The programs GLUNE and WPREC [9] have been applied.
Especially GLUNE, proved very successful for consistent calcula-
tions of the excitation functions for6n nt, 6n 2a,» 6n ^n* ̂n p
6„ _ and 6», ™ as well as neutron and protön emission spectra,n, np n,pnThis formalism has been extended also for description of the (n,oc)
reaction channel flOj .

Based on the complete statistical model (Weisskopf-Ewing
formalism) there are some known computer programs for data eva-
luation purposes [11, 12] . Especially, Pearlstein's program
ŒHRESE fl2] has been tested extensively.
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Fig. 2 Excitation function of the (n,2n) reaction; experimentaldata are compared with the present evaluation CfuH line),the evaluation "by A.B. Smith et, al. [7] (pointed line)and with an equilibrium statistical model (dashed line)
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Fig. 4 Excitation function for the reaction ̂ %b(u,oc) ̂ °Ythe pre-equilibrium component (àashed-dotted-line)is calculated by the method, proposed in [10] .

Some selected results of this evaluation are presented at the
figs« 2-4 for the excitation functions of the (n,2n), (n,p) and
(n,oi) reactions. The present evaluation curve is in good agreement
with recently published new experimental (n,2n) data [13] .

APPLICATION 03? MULTI-STEP HAUSER-FESHBACH THEORY

An intercomparison between the different neutron data evaluations
SOKRATOR, EEDAK, ENDL-2, UKNDL, RIGA, SAM) for Fe + n cross sections,
including voluminous calculations for the iron isotopes -̂ "Fe, -̂ Fe

COand -"Fe with the programs GLUHE, THRESH and STAPRE as well as
considerations of new experimental data has been carried out recently
[14] . Some results of this work we choose to demonstrate the per-

formance of the multi-step Hauser-Ieshbach code STAPRE [15] ,
which also takes into account pre-equilibrium emission.

With STAPRE the (n,eO, (n»p)» (n,2n), (n,n') and (n,ph) cross
sections for ̂ "Fe, F̂e and -̂ Fe between threshold and 20 MeV
incident energy have been obtained. The results of this calcula-
tions strongly depend on a careful selection of level density
parameters a, backshift parameters A , transmission coefficient,
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ilevel schemes and other parameters for 19 isotopes between yCr
and •'jPe* A careful choose of adequate parameter sets by inter-
eomparison with experimental data is an essential feature of the
application of the STAPRE code.

At the figs. 5-7 results for the (n,oO, (a,p) and (n,2n)
excitation functions for the natural isotope mixture of iron are
shown. Existing evaluations far the (n,oc) channel (s.fig. 5)
show considerable differences between each other, due-to discre-
pancies between experimental data. The results, obtained with
STAPRE may be considered as the new recommended excitation function
for this case. The calculations of the (n,p) excitation function
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?ig« 7 Excitation function of Fe (n,2n) reaction;theoretical curve indicates some-what highercross sections than existing data files

is in fairly good agreement with the evaluations KEDAK, ENDL-2
and SOKRATOR, as shown at fig. 6. Calculations with the chosen
parameter set lead to some-what higher (n,2n) cross sections than
existing evaluations* However, this higher cross sections in the
energy region up to 15 MeV are in fairly good agreement with new
experimental data [16] and, therefore, are considered as
recommended data*

One of the further advantages of the STAPRE program is the
possibility to obtain ̂  -spectra and 2*-ray emission cross sections
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also. These quantities are extremly important for fusion reactor
transport and nuclear heating calculations. Recently both spectra
and production cross sections for "-%b + n and -̂ Fe + n in an
incident energy range up to 20 MeV have been calculated and compared
with experimental data [17] . In this case <T-width are obtained
from the Weisskopf single-particle model, using the Axel - Brink
hypothesis fl8j . Two examples of results from this work are shown
at figs. 8 and 9» The if -spectra from ̂ le at 14 MeV (s.fig.8) in-
cident energy is mainly due-to the (n,n'jr.) process, whereas 2f-rays
from (n,2nï)» (&»PO and (n,o<y) processes contribute mainly to the
lower part of the total J" -spectra. The results, obtained with
STAERE are in agreement with experimental data by CKapman et al.
The calculated <f-production cross section (s.fig.9) has a maximum
near 12 MeV. The pre«Nsquilibrium particle emission slightly changes
the 6 (n,nfif) cross section. It is decreased below the maximum and
increased above the maximum. In the energy range above 17 MeV *"-ragrs
are mainly produced by the (n,2ntf) process. Experimental data in this
case are scarce, several data points by Drake et al. are in agree-
ment with the calculations.

ANGULAR DISTRIBUTIONS OP EMITTED PARTICIPES

Concerning the theoretical description of angular distribution
of emitted particles iti the continuous part of spectra the situation
is not so satisfactory as demonstrated above for angular integrated
spectra and cross sections. In recent years several attempts have

147



56-FECN,XGAMMA]

10
EJMEV1

Pig. 9 Gamma production cross section for --̂ Pe + nup to 20 MeV neutron incident energy

been done to overcome this problem. Some of them are reviewed here
briefly.

Irie et al. [19J considered the pre-equilibrium emission
spectrum̂ by an analytic expression based on (1), but with emission
rates A_̂  separately accounted for every orbital momentum !..6m -t.
Thus, "energy distribution of emitted particles is calculated with
exciton model, whereas the angular distribution is coming from the
plane wave born approximation (PWBA), the simplest modification of
direct reaction theory. Following this way, the double differential

*FJ 1Apre-equilibrium cross section 6 „7 (en,e,3) is calculated with theoi
formula

abs/-
J_= IR=0,1/2

where the PWBA cross section
angular distribution

determines the shape of the
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E is a free normalisation factor.

In several cases with this approach a good description of experi-
mental angular distributions of emitted neutrons has been obtained.
From a physical point of view this 'hybridrof two different models
is not satisfying.

Weidenmüller and Mantzouranis [20 ] introduced the information
on scattering angle into the master equation of the exciton model.
!Ehey assumed, that anisotropy of pre-equilibrium angular distribution
is determined by the direction of motion of a 'leading particle1.
States are characterized by n,E and the angle of leading particleSS.
Consequently, occupation probalities are also functions of three
parameters P =P(n.t,x) and transition probabilities include informa-
tion OB the angle of leading particle before and after the oollission
x and SÎ1 (i.e. only those transitions are selected, in which leading
particle participates)* Further it is assumed, that transition rates
can be factorized in two functions

(6)

where function g does not depend on n.
The usual master equations without emission are changed to the
following equations:

dP(n,t,s)s

+(n,E, -
(7)

With P(n,t«jß ), determined from (7), the double differential cross
section 6 ̂ | (6ot 6 ,/-9-) is derived' through the expression

qi
dt* . (8)rJo

The used concept of one leading particle among all excited Particles p
is not inherent in the- original exciton model, bat it is similar to
the 'philosophy* of the hybrid model* In several cases a satis-
factory aggreement with experimental angular distributions has been
achieved.
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A scheme of parametrisation for angular distributions of
inelastic scattered neutrons based on the direct PWBA reaction theory
linked with the Maxwellian evaporation theory was elaborated by
iukyanov et al. /21/. Roughly speaking, in this approach the shape
of angular distributions is determined by 6pwBA (5)» calculated for
singleparticle transitions in the target nucleus within an averaging
energy interval near U = € - e, which corresponds to the experimental
energy resolution. The energy dependence of the spectra is* deter-
mined by the function (eŷ )1/2. 1/, which was obtained empirically
by comparison with the shape of integrated (n,n')-spectra.
The absolute value of cross sections is determined by an normaliza-
tion factor. On this way for many cases both double differential and
angular integrated scattering cross sections have been parametrized
and typical structures in the angular distributions could be connected
with the quant uum numbers of a comparatively small number of transi-
tions between shell model single-particle states. Similar results
have been obtained by Jahn /22/.

A more rigorous treatment by several groups is based on BWBA,
one of them was elaborated by Reif /23/. In this case direct
excitation of 1p1h states through two-particle residual interactions
of Gaussian type i-.-i£ vio is calculated on an absolute base,
starting from the wave functions for the ground state and excited
states

/ IM T U> = cj (U) / 1P1h IMTT> + /c> . (9)

Calculated DWBA matrix elements

are averaged over a suitable energy interval A U. Distorted waves
result from an optical model analysis of the elastic scattering.
Calculated twice differential cross section for several cases
investigated are in agreement with the experiment.
An application of multi-step direct reaction (MSDR) theory to the
description of continous spectra recently was presented by Tamura
and Udagawa /2V • In this approach the excitation of both 1p1h and
2p2h states in the target nucleus, i.e. one-step and two-step direct
tow-particle excitation processes have been taken into account. It can
be concluded, that the MSDR approach is in fact a rather powerful
tool in describing cross sections with continuous spectra. The lower
the energy of the outgoing particle and the larger the angle of
observation, the larger is the relative contribution of the two-step
processes. Nevertheless one may suspect that this approach can only
fit the portion of spectra in which the outgoing particles still
retain comparatively high energy. At less emission energy contribu-
tions from more complex and compound nucleus processes are expected.
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CONCLUSIONS

There are very few data for neutron energies above 15 MeV and not
enough data in the energy region between 8 and 13 MeV. Therefore,
nuclear reaction model calculations must play an important role in
meeting the data requirements for fusion reactor calculations and
radiation damage research.

As it was shown by several examples, the combination of
statistical evaporation theory and precompound models either
Hauser-Feshbaeh theory and precompound models appears to be capable
of providing much of the required data. Although, existing nuclear
data evaluations are restricted to energies below 20 MeV, there are
no principal limitations for application of this models to energies
up to 40 MeV.

The most useful theoretical tool at present seem to be computer
codes combining pre-equilibrium and multi-step Hauser-Feshbach
theory, such as the code STAPRE. Several other similar codes are
known from publications.

A general problem concerning nuclear model calculations are the
uncertainties of the used model parameters, such as optical model
parameters, level densities, gamma-ray strength functions and others.
Systematic studies in this field and model parameter evaluations are
needed.

Further improvement of theoretical approaches are necessary.
Present treatments of pre-equilibrium decay do not include spin,
parity and other nuclear structure effects, which might be important
in the considered energy region. In addition, present codes do not
include angular distributions of emitted particles. During the past
years, several approaches have been elaborated for calculation of
distribution of particles emitted from highly excited compound
systems before statistical equilibrium is reached. It seems to be
necessary to continue the development of different approaches as well
as to include the most practicable approaches in-to computer codes
for nuclear data calculations.
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EVALUATED PILES OF NUCLEAR CROSS-SECTIONS AQ-159/B3

FOR FUSION REACTOR CALCULATIONS* Review Paper
M.R. Bhat

National Nuclear Data Center
Brookhaven National Laboratory

Upton, New York 11973
ABSTRACT

The status of available evaluated nuclear cross-section data for
fusion reactor calculations is reviewed. The data files consist mostly
of neutron and gamma ray production cross-sections up to 60 MeV and a
few charged particle evaluations. In addition, evaluated nuclear struc-
ture and decay data needed for the various fusion related applications
are listed, their present uncertainties discussed, along with future
needs and suggestions for improvements.

1. INTRODUCTION

The need of neutron cross-section data for fission reactor calcula-
tions was the impetus behind the creation of many experimental and evalu-
ated data libraries. The international activity in this field has
recently been reviewed by Schmidt [l]. The evaluated neutron data li-
braries are listed in Table I. In general, they extend from about l.OE-05
eV to 15 or 20 MeV and consist of neutron and gamma-ray production data.
The evaluations are based mostly on available experimental data supple-
mented by nuclear model calculations where such data do not exist. In
this review, the discussion will be mostly confined to one data library -
the ENDF/B system.

The growth of the ENDF/B library from its inception in 1967 is shown
in Table II. In this Table, the numbers pertaining to Version V are to be
considered tentative until the formal release of the library. From this
Table, one notices that the types of data available in the library have in-
creased to keep pace with an increase in the number of applications. Over
the years, there has also been an increase in the quality and amount of
experimental data and the sophistication of the physics content of the
evaluations. The various checking codes had to be expanded to verify the
consistency and reasonableness of the evaluations, thus improving their
quality. Also, greater use is made of nuclear structure and decay infor-
mation in addition to the neutron cross-section data.

The fusion community used these evaluations in their initial calcula-
tions and also told the evaluators what additional information they would
like to see suited for their applications. As a result, starting from
about 1970, after the release of Version II library, greater emphasis was

* Research carried out under the auspices of the U.S. Department of
Energy.
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placed on the energy region around 14 MeV in the ENDF/B evaluations. This
was followed by format modifications t£> include new data for fusion appli-
cations and a conscious, planned attempt to satisfy their needs in the
subsequent versions of the library. This accounts for the inclusion of
gas production, activation and decay data information in ENDF/B-V expected
to be released in early 1979.*

Materials damage studies for the alloy development program for the
fabrication of the first wall of a fusion reactor need high fluences [2]

22 2of about 10 n/cm as well as experimental volume in the range of ten
liters [3]. Hence, there are plans to construct a d-Li facility - the
Fusion Material Irradiation Testing (FMIT) facility. In this facility, it
is expected that there will be an appreciable neutron flux up to 50-60 MeV.
This, in turn, has shown the need to extend the upper energy limit of
evaluated data files to these energies. However, experimental data above
14 MeV are sparse and nuclear model code calculations at these higher
energies have to be checked against data before they could be used with
confidence. Some of these problems were discussed at a Symposium [4] held
at Brookhaven National Laboratory (BNL) last year and a number of recom-
mendations of this Symposium, as well as what has been accomplished since,
will be discussed in this review. Since there are some special problems
involved in extending the evaluations from 20 to 60 MeV, this paper is
divided into two parts: Section 2 will be devoted to a discussion of
evaluated data up to 20 MeV, and Section 3 to evaluated data from 20 to
60 MeV. In each of these Sections, neutron as well as charged particle
evaluations and the relevance of nuclear structure and decay data will be
discussed. In addition, mention will also be made of nuclear model codes
which the evaluator needs to fill in the lacunae in differential experi-
mental data and the influence of integral benchmark experiments on the
evaluations.

2. EVALUATED NUCLEAR DATA UP TO 20 MeV

There are many evaluated cross-section data files extending up to
20 MeV. They consist mostly of neutron cross-section data and, in some
cases, gamma-ray production cross-sections are also given. This energy
region is characterized by the fact that there are many experimental data
available, though the quality gets poorer above 14 MeV and the data get
sparser. This is also the energy region where a number of experiments
have been conducted with a view towards understanding the basic physics
of nuclear reactions because the interpretation of data is relatively
easier, as many reaction channels do not open up at these energies. Nu-
clear model codes have also been checked against experimental data and

* Evaluated data files on neutron cross-section standards, dosimetry and
fission products will be available for international distribution.
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their input parameters adjusted, so that they could be used with some con-
fidence. This section will be divided into various subsections, each deal-
ing with a particular fusion related application [§] . They are:

2.1 Fuel Cycle
2.2 Plasma Diagnostics
2.3 Tritium Breeding
2.4 Nuclear Heating
2.5 Neutron Dosimetry
2.6 Radiation Damage Effects
2.7 Induced Activity
2.8 Radiation Shielding
2.9 Hybrid Concepts

$*

This will be followed by a brief discussion of the nuclear model codes
used in evaluations.

The first two applications need charged particle data which will be
discussed in detail in another paper 16] at this meeting and they will be
discussed only very briefly for completeness. In each of these subsections,
the status, adequacy and accuracy of experimental data and evaluated files
will be discussed. This will be followed by results of any sensitivity
studies. The need for better or more extensive data or evaluations will
also be indicated with mention of relevant nuclear model calculations and
any integral experiments that materially affect the evaluations. These
applications cover a wide range of materials and types of data; hence, a
detailed discussion of the experimental data and their accuracies is not
possible within the scope of this paper. Such discussion, therefore, will
be confined to a few illustrative examples. Similarly, error estimates on
evaluated files are meant to convey a general idea of how good the evalua-
tions are and for details one should consult the data covariance files or
the evaluation report of a particular evaluation.

2.1 Fuel Cycle

It is expected that the first generation fusion reactors will be
based on the D+T reaction:

D + T -> t*He( ̂  3.5 MeV) + n(^ 14.1 MeV)

The discussion in the rest of the paper will be based on this assumption
with its attendant problems of tritium breeding and the interaction of the
14.1 MeV neutrons in the surrounding blanket. This reaction cross-section
plotted as a function of the deuteron energy shows a broad resonance at
E, = 109 keV and a peak cross-section of about 5 b [7] . Because of this
large cross-section it appears possible to obtain high enough reaction
rates at lower temperatures in a D,T plasma to achieve a self-sustaining
fusion reaction.
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The data on this reaction have been recently reviewed by Stewart
and Hale [7] and their evaluation of the reaction cross-section described.
This evaluation is based on an R-matrix fit to all the available data cor-
responding to the different reaction channels for the five nucléon systems
- 5He and 5Li. Thus, the final parameters extracted from the analysis
have to satisfy the constraints imposed by the experimental data for the
different reaction channels and are clearly better than those obtained
from a parametrization of D-T reaction alone. Further, they observe that
the R-matrix fit agrees much better with experimental data than a Gamow
penetrability fit below 20 keV. The R-matrix calculation deviates at most
by 9% from measured values while the Gamow fit deviates by 30% at sev-
eral points. Thus, an R-matrix fit appears to be a more reliable tool for
extrapolating evaluated curves to lower energies below a few keV where no
experimental data exist. These low energy cross-sections are needed for
plasma diagnostics, as will be discussed in Section 2.2.

This charged particle cross-section evaluation is not part of
the ENDF/B library as yet; the evaluated cross-section is given in ref-
erence [7] from 5 keV to 1 MeV. It is estimated [8] that the uncertainty
in the evaluation is 5-10% below 10 keV and better than 5% everywhere
above 10 keV. The status of T(t,2n)1* He cross-section was also reviewed
in reference [7] and the data have been further analyzed by Hale and
Young [9] up to E^. = 2 MeV using a multi-channel multi-level R-matrix
analysis. It is estimated [9] that the uncertainty in this cross-section
is about 15% below 10 keV and 5-10% above it.

The cross-section sensitivity of the D-T fusion probability has
been studied by Santoro and Barish [10] for incident deuteron energies of
Ea = 200 and 500 keV and plasms electron temperatures Te = 5 and 10 keV
to find the influence of the D-T cross-section. For these deuteron ener-
gies and plasma electron temperatures, they conclude that the fusion prob-
ability is most sensitive to the D-T cross-section for Ed £ 50 keV. Based
on the reported errors in the cross-section in this energy range [7] they
conclude that the errors in the calculated fusion probability should be
<_ 10%. For Ea below <\/ 50 keV, they found that the sensitivity of the
fusion probability to the D-T cross-section becomes increasingly small, so
that errors in the calculated fusion probability will be small, even though
the data uncertainties are large. The cross-section sensitivities of the
D-T reaction rates in a D-T plasma and the T-T reaction rate in a tritium
plasma were also calculated for deuteron and triton temperatures of
0.300 keV, 1 keV and 5 keV. These reaction rates are of interest in
plasma diagnostics (see Section 2.2) to determine plasma ion temperatures.
For ion temperatures of 0.3 and 1 keV all the contribution to the sensitiv-
ity of reaction rates is from data below 100 keV and for the 5 keV ion
temperature most of it is from the same energy region and the errors in
the calculated reaction rates are determined by the errors in the D-T
cross-section in this energy range. For the T-T reaction rate, all of the
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contribution to the sensitivity is from energies below 60 keV where there
are no experimental data and the errors in the calculated reaction rates
are large, reflecting large errors in the T-T cross-section.

From the above discussion it appears necessary to have better
low energy data on D-T and T-T cross-sections. In the forthcoming updated
version of the Compilation of Requests for Nuclear Data 111]- there are re-
quests to improve the accuracy of D-T cross-section below 10 keV and the
T-T cross section. The desired accuracies are 10% relative and 30% abso-
lute. It is expected that the National Bureau of Standards program to
measure the helium a [12] and the Los Alamos Laboratory projecttotal[13] to measure low energy cross-sections for T(t,2n)a, D(t,n)a and
D(d,n)3He cross-sections in the 5-120 keV energy range will satisfy these
data needs. The other data needed for fuel cycle studies are elastic
cross-section data up to a few MeV to determine the interaction between
the alphas and D-T fuel. The desired accuracies are: relative +_10%,
absolute jh 30%.

In addition to the D-T reaction, the attractive possibilities of
using other exotic fuels of higher Z materials such as lithium, beryllium
and boron have also been suggested [14,15]. These could provide fuel cy-
cles which are essentially free of neutrons and tritium. However, these
fuel cycles need higher temperatures and could suffer from radiation
losses [16]. There is need to have expérimental data for a number of
reactions [11] associated with these fuels from several hundred keV to a
few MeV. They are 11B(p,n)11C, 11B(a,p) 11(C, nB(a,n) 1'*N, 6Li(3He,p)2a or
B̂e and 6Li(6Li,x)Y. The desired accuracies are: relative +^10%, absolute

+_30%. Also, data with the same accuracy are desired for the elastic
scattering of the product ions from these reactions with the rest of the
plasma. Compilation of the experimental data for these reactions as well
as for D-T and T-T reactions in this energy range are needed to obtain a
vs. E as well as the reaction rate <ov> as a function of temperature.
Evaluation of the p + 11B reaction by Hale and Dei at Los Alamos is in
progress [17].

2.2 Plasma Diagnostics

A variety of physical methods may be employed for probing plasmas
and determining their important characteristic parameters. These methods
as applied to Tokomak plasma diagnostics have been recently reviewed [18]
where there is an extensive bibliography. In discussing nuclear cross-
section data, it is appropriate to discuss here those diagnostic methods
which involve nuclear data and are based on detecting neutrons or a parti-
cles produced in D-T plasmas in the thermonuclear reaction.

The neutron yield from thermonuclear reactions is a function of
the ion temperature and may be used to determine it. A comparison of the
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ion temperature determined in a deuterium plasma using the D(d,n)3He reac-
tion with values obtained by charge-exchange measurement shows good agree-
ment [18]. A successful use of this method depends on (i) a knowledge of
the relevant reaction cross-section with sufficient accuracy at the low
energies involved in the reaction, and (ii) the ability to identify unam-
biguously neutrons due to thermonuclear processes from those due to other
spurious sources. The ion temperatures obtained from neutron detection
assuming Maxwellian ion distribution may be compared with temperatures
obtained by other methods, e.g. charge exchange, to verify how well this
assumption is justified, in addition to ion temperature measurement in an
ohmically heated plasma, neutron detection can be used to study high
energy neutral beam injection experiments. In this case, the energy and
angular distribution of the neutrons from thermonuclear reactions may be
used to study the initial state of motion of the reacting particles viz.
the beam ions and the target plasma ions. Hendel [19] has proposed to
make energy, time and angle resolved fast-neutron spectroscopy measurements
to determine TFTR power multiplication factor, beam-ion energy distribu-
tion, target-plasma ion temperature, and beam-ion loss rate, together with
their time and spatial dependences. These methods depend on the develop-
ment of suitable detectors and refinement of experimental techniques, as
well as knowing the relevant charged-particle reaction cross-sections ac-
curately at low energies involved in these experiments.

2.3 Tritium Breeding

A fusion reactor based on the D-T fuel cycle will require a tri-
tium breeding blanket containing lithium. Tritium is produced in lithium
by 6Li(n,a)t and 7Li(n,n')at reactions. The first is an exothermic reac-
tion and varies approximately as 1/v below 100 keV with a thermal value of
936b. The second reaction has a threshold of about 2.82 MeV and produces
tritium without neutron absorption. Some blanket designs also include a
neutron multiplier like beryllium which increases the number of neutrons
via the (n,2n) reaction with a Q-value of only -1.665 MeV. Tritium pro-
duction for different blanket designs is given in terms of the tritium
breeding ratio which is defined as the number of tritons produced per
fusion neutron or equivalently per D-T fusion reaction. The calculated
breeding ratio depends on the details of blanket design and, if present,
the amount of neutron multiplier, such as Be, and is estimated to vary
[20] from 1.04 to 1.52.

It is estimated [8] that 6Li(n,a)t cross-section is known to
0.5% at l.OE-05 eV, 1.0% at 10 keV, 2.0% at 30 keV, 3.0% at 230 keV, 4.0%
at 450 keV, and 5.0% at 750 keV and above. The 7Li(n,n')at cross-section
in ENDF/B-V is taken over unchanged from Version IV and its error estimates
are given in reference [21], page 19. They are 15% from threshold to 3.0
to 14.0 MeV and about 25% at 20 MeV. The Be(n,2n) cross-section based on
the latest experimental data is uncertain by about 15% from threshold to
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15 MeV and by 40% at 20 MeV. The breeding ratio calculations depend on
the secondary neutron energy distribution of the 7Li(n,n*)at reaction [22]
and the 9Be(n,2n) reaction. There are data on the neutron energy distri-
bution for 7Li and are being reevaluated. For Be(n,2n) they are not ade-
quately represented in the ENDF/B-V [23] and one might have to use the
ENDL library [24].

There have been a number of studies of various blanket designs
[22,25,26] as well as sensitivity studies [20,22,27] to determine the ef-
fect of cross-section uncertainties on the breeding ratio. For the par-
ticular design they considered, Bartine, et al [27] concluded that the
breeding ratio is most sensitive to changes in the 7Iii(n,n')at cross-
section, though the sensitivity to changes in this cross-section is not
large. Steiner and Tobias [22] using the ENDF/B-III data library found
that the status of 6Li(n,a)t cross-section data was adequate to determine
tritium breeding ratio to 1% for the class of blanket designs studied by
them. They assumed a 20% error in the 7Li(n,n')at cross-section from 3 to
15 MeV and determined that the cross-section error and that of the secon-
dary neutron energy distribution could introduce uncertainties in excess
of 5% in the breeding ratio. The secondary neutron energy distribution
was described by an evaporation model and an energy dependent temperature
6(E) where E is the energy of the incident neutron. The temperature was
changed by ± 50% over the energy range of interest and the total breeding
ratio decreased by <v 2.5% for the soft spectrum and increased by <v 1% for
the harder spectrum. In general, the conclusions are [5] that 6Li(n,ot)t
cross-section data are adequate for tritium breeding calculations of the
order of 1% and the cross-section and secondary neutron energy distribu-
tion uncertainties in 7Li introduce errors of the order to 2-7% in the tri-
tium breeding ratio. Uncertainties in the Be(n,2n) data and the secondary
neutron energy distribution could introduce errors of the order of several
percent in the tritium breeding ratio and additional measurements are
needed to improve the evaluations. It was recommended by a group at the
BNL Blanket and Shield Workshop [28] that the angular distribution of the
secondary neutron spectra of 7Li be measured between 11 and 14 MeV with a
10% accuracy, and in the forthcoming request list [11] there will be a
similar request for neutron emission spectra from 9-14 MeV with 10% accu-
racy.

There have been several integral experiments to check the cal-
culations of breeding ratios. The earliest' was by Wyman in 1954 which
was later analyzed by Muir and Wyman [29] in 1974 using improved calcula-
tional procedures. This experiment showed for the first time the impor-
tance of 7Iii(n,n')at reaction for tritium breeding [301. The authors ob-
serve [29 ] that their reference calculations using ENDF/B-III and the
LASL evaluation for deuterium are in general good agreement with experimen-
tal data though there were discrepancies of the order of 20%. They also
noted that a 15% reduction of the 14 MeV 7Li cross-section would improve

159



the agreement significantly. Herzing, et al [31] also carried out an
integral experiment and determined the tritium production by three differ-
ent counting methods. ENDF/B-III data were used for their calculations
and they found good agreement between their experimental data and calcula-
tions within an estimated error (la) of <_ 3%. This reference also lists
some of the earlier integral experiments. Recently, Bachmann, et al [32]
performed a measurement using aim diameter sphere of lithium metal with
natural isotopic composition and a 14 MeV D-T neutron source in the center.
They measured directional neutron spectra with time-of-flight methods and
the scalar neutron spectra with a small spherical proton recoil propor-
tional counter with +_ 5% error. They estimate the error in the experimen-
tal data for tritium production to be £ 5% comprising of tritium counting,
source strength determination and uncertainty of the true radial distance
to the source center. Calculations were performed using ENDF/B-III for
lithium and the KEDAK3 for iron and they found that the calculated tritium
production rate is 35% higher than the measured value. This is also con-
sistent with conclusions drawn from the measured and calculated spectra.
They conclude that about half the discrepancy is caused by excess neutron
flux in the energy range from 3 to 11 MeV and a great deal of the rest is
attributable to 7Iii(n,n')at cross-section which seems to be too high.
They recommend that it be lowered by 15-20% with respect to ENDF/B-III
which is identical to ENDF/B-V. New differential data on this cross-
section are therefore needed to solve this problem.

2.4 Nuclear Heating

In fusion reactor design studies, it is important to calculate
nuclear heating in the blanket and other parts of the reactor. For cal-
culating heating due to the interaction of nuclear radiation with matter,
one usually proceeds by calculating the kerma (kinetic energy released
in matter) factors from basic nuclear data. As is well known, [33] the
microscopic kerma factor k.(E) is defined as:

k̂ E) = CT̂ E) Ê E) (barns, ev/atom)

where â (E) is the microscopic cross-section for a particular isotope for
reaction i at neutron energy E and E.(E) is the energy deposited locally
due to reaction i. If these are known and the neutron flux determined
from other calculations, the heating rates can be determined. It is usual
to define a neutron kerma factor and a gamma-ray kerma factor - the first
takes into account heat generated by neutron reactions, and the second
that resulting from the absorption of secondary gamma radiation originat-
ing from the neutron reactions. To these must be added the contribution
of the radioactive decay of the final state - which will be in general,
time dependent. The work of Abdou and Maynard [33] describes the details
of calculations of kerma factors for a variety of reactions. Their re-
sults are compared with previous work and the results and improvements in
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technique summarized. They conclude that the limitation on these calcula-
tions is solely that determined by the availability and accuracy of nu-
clear data. The calculation of neutron kerma factors require: (i) reaction
cross-sections, (ii) energy, and (iii) angular distribution of secondary
neutrons, (iv) energy angular distribution and yields of secondary photons,
(v) energy deposition for reaction from radioactive decay, and (vi> reac-
tion Q-values. If all these data for an isotope are available, then the
calculation of the neutron kerma factors is straightforward. However, all
these data may not be usually available in an evaluated data file. First,
gamma-ray production data are less well-known and the evaluated data may
not even be consistent with neutron data. Second, the evaluated data may
be available for the element and not for the individual isotopes. The
solution to the problem is to have stringent tests built into the physics
checking codes to check the consistency of neutron, and gamma ray produc-
tion data. Also, the neutron and gamma ray data should be analyzed at
the same time and the validity of the kerma factors checked by energy
balance. However, this may not be possible in all cases. Because, usually
experimental data are not available for gamma production from individual
reactions: rather, one has measured data for (n,xy) reactions. In this
case, nuclear model codes which generate gamma ray production data for
each reaction in an isotope could be used and their results adjusted to
agree with measured (n,xy) data. This could partly be an answer to the
second problem, viz. the elemental evaluations. In practice, however, it
is not easy. It is usual to find that most of the measured differential
data including gamma ray production cross-sections is for an element rather
than for the individual isotopes. The isotope data tend to be sparse and
spotty. It is possible, in principle, to calculate the non-existent data
for the isotope using nuclear model codes and obtain isotope evaluations
consistent with their and elemental data. In practice, this could be a
major task, further complicated by systematic errors in different data
sets. Heat deposition calculations for a mixture of isotopes show that
energy independent parameters like reaction Q values, decay energies, etc.,
are energy dependent for an element ("effective Q values", "effective
decay-energy", etc.) as a consistent definition of these quantities must
be weighted bv the isotopic abundances and energy-dependent cross-sections
[33]. Thus, kerma factor calculations can not be carried out accurately
if only elemental data are available. Heating due to the decay of the
residual nucleus can be significant depending on the composition of the
system under consideration and the neutron spectrum. These calculations
should also take into account the time dependence of the radioactive decay
and its possible transmutations. Earlier calculations indicated a need to
have this decay data information for all isotopes of importance. Suitable
changes in formats have been made and in ENDF/B-V, data such as the half-
life, for each branch, branching ratios, <E0> and <E > and other quantitiesP ot
are given. For details, one should consult the Data Formats and Procedures
Manual for ENDF [34].
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There have been a number of sensitivity studies of heating [35,
36] and comparative studies of various blanket designs and nuclear heating
in them [37,263. In the following, the conclusions arrived at by Abdou and
Maynard [331 in their sensitivity studies of neutron energy deposition to
changes in basic nuclear data will be discussed. In understanding these
sensitivity studies, one should recall from the above equation defining the
kerma factor that the energy deposition is the product of the reaction
cross-section and the energy released per reaction which depends on the
energy and angular distribution of the secondary particles, the energy and
angular distribution of the secondary gamma rays and the reaction Q-values.
In addition, data changes could bring about changes in the neutron and
gamma-ray fluxes. Abdou and Maynard found that (n,charged particle) reac-
tions in general contribute about 30-50% to the neutron heating in typical
fusion reactor spectra in the energy range 10-15 MeV. In materials such as
stainless steel this contribution could be > 70%. The importance of the
(n,2n) reaction increases at high energy with a decrease in inelastic scat-
tering. It also depends on the Q-value as a higher Q-value means a smaller
cross-section in the 10-15 MeV range and also smaller energy will be avail-
able to the recoil nucleus. The (n,n' charged particle) reactions contri-
bute a smaller amount to heating when compared with (n, charged particle)
reactions because their thresholds are higher and part of the available
energy is carried away by the secondary neutrons. It is estimated that
their contribution is about 20-30% of that of the (n, charged particle)
reactions. Also, approximating the (n,n* charged particle) reactions by
that from the (n,n*) part only amounts to neglecting 80-90% of the heating
due to these reactions. Most of the neutron heating in a typical CTR blan-
ket is from 6Li and 7Li; the 7Li (n,n')<*t reaction being the most important.
Neutron heating depends strongly on the secondary neutron energy distribu-
tion from this reaction. It is found that the relative change in neutron
heating in 7Li is about one-third of the relative change in the average
energy of the secondary neutrons. The effect of angular distribution of
secondary neutrons is also important - thus ignoring anisotropy of elastic
scattering can result in overestimated kerma factors. The local energy
deposition by-radioactive decay is ̂ 2% or less in most materials in typi-
cal spectra for fusion reactors. These studies are very important and
indicate the (n, charged particle) and other high energy data should be
carefully evaluated with due consideration being given to the angular and
energy distributions of secondary particles and gamma r,ays.

2.5 Neutron Dosimetry

Neutron dosimetry attempts to define as accurately as possible
the neutron field pertaining to a number of applications, e.g. materials
radiation damage studies, shielding and biomédical work. The experimental
techniques and analytical procedures were originally developed for fission
reactors and have a long history of improvement of experimental techniques,
comparison with integral benchmarks and further refinement of differential
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measurements. The experimental methods may be broadly divided into differ-
ential measurements which include time-of-flight spectrometry, the proton-
recoil counters, and other techniques which give the neutron spectrum as a
function of energy. In addition, there are integral techniques, e.g.
multiple foil activation measurements and helium production data which give
results integrated over the neutron spectrum and the detector response func-
tion. Ttye multiple foil activation techniques are especially attractive as
they could be used in normally inaccessible places. It is also noted that
some of these differential techniques could be used in plasma diagnostics
discussed in Section 2.2.

Dosimetry cross-sections were first part of the ENDP/B library
for Version III and later updated for ENDP/B-IV. These files for Version
IV consisted of some 36 reactions in 26 isotopes and are described and dis-
cussed in detail by Magurno [38]. The reactions in Versions IV and V are
the same, though the evaluations in V are new. If some of these reactions
are in the General Purpose Pile (a file containing all neutron and possi-
bly y producing reactions of interest and extending from 1.0 eV to 20 MeV)
they will be taken from them and all of them will have data covariance
files. In addition, they will be consistent with the ENDP/B-V cross-
section standards. These evaluations will be tested against integral
benchmarks (Phase II testing) at a later date. It is interesting to re-
view here briefly the results of such testing on Version IV dosimetry .cross
sections 139], For integral testing, three benchmark spectra were speci-
fied: a fission neutron spectrum, and the fast spectra of ZS [106]
and CFRMF [107] facilities. Reaction rates were measured in these spectra.
The result of these tests were that for most of the cross-sections the dis-
agreement between calculated and measured reaction rates is a few percent
or more and is outside the range of uncertainty reported for the measure-
ments. From the wide range of disagreement between calculations and
measurements, indications are that not only are some of the cross-sections
in the dosimetry file in error, but also the benchmark spectra are not
known well enough. It was felt that the benchmark testing procedure should
be investigated and Improved.

Greenwood et al [40] have carried out integral tests on some 27
dosimetry reaction cross-sections in 13 materials. The neutron fields used
for this test were obtained by stopping 14 and 16 MeV deuterons in a
thick beryllium target and extended from about 800 keV to about 18 MeV in
the first case, and about 22 MeV in the second. The neutron spectra of
these sources were measured by time-of-flight spectrometry. 13 foils were
irradiated in a well-defined geometry in these fields and their activities
measured. The differential neutron cross-sections were taken either from
ENDF/B-IV, Bayhurst et al [41], Smith and Meadows [42], or BNL-325 [43].
The ratios of measured to calculated activities were determined with an
estimated error of +_10% except for thermally sensitive reactions, in which
case the error could be +_15% due to uncertainties in the neutron spectrum
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below 800 keV. The two E. = 16 MeV runs showed an overall standard devia-a
tion for the ratios of 10.2% and 11.8%. The one E, = 14 MeV run showed aa
standard deviation of 18.2%. This run appeared to show a small bias with
the low energy activity ratios being consistently low and the high energy
activity ratios being high, though the differences are within experimental
errors. Several reactions, e.g. 60Ni(n,p), ̂ ScfajOt), 197Au(n,2n) and
l>5Sc(n,2n) showed large discrepancies indicating the need for further work.
The unfolded spectra using SAND-11 Code and the results of E = 16 MeV time-
of-flight data agree very well; the E, = 14 MeV unfolded spectrum was
slightly harder as would be expected from the bias in this run.

The status of neutron cross-sections for reactor dosimetry has
been recently reviewed by Vlasov, et al [44] and dosimetry methods for
fuels, cladding and structural materials discussed [45]. In this reference
there are descriptions of attempts to extend dosimetry files to cover the
energy range above 20 MeV and extend it to 50 or 60 MeV. These will be
discussed in Section 3 of this paper.

2.6 Radiation Damage Effects

Radiation damage effects on solids from neutron irradiation may
be due to (i) displacements of the materials' atoms from their initial
positions, (ii) gas production, especially of helium and hydrogen, and
(iii) non-gaseous transmutation reaction products as a result of nuclear
reactions.

2.6.1 Displacement Damage

The displacement damage due to neutron irradiations is described
as a two-stage process. A neutron of energy E incident on a target atom
scatters from it, transferring to it kinetic energy T. This pjrimary
knock-on atom (PKA) in moving through the lattice causes further secondary
displacements initiating a cascade of atomic displacements. The details
of this cascade, such as the number of displaced atoms v(T) and its depen-
dence on T and other parameters, are calculated using models which involve
solid-state physics concepts. The first stage of the process is
described in terms of the PKA spectrum if>. (E,T) (barns/eV) which is defined
as the product of a. (E) and K.(E,T) where a.(E) is the energy dependent
reaction cross-section for reaction type i and K.(E,T) is the prob-
ability that a interacting neutron of energy E will produce a recoil of
energy T through the reaction i. K.(E,T) depends on the kinematics of the
particular reaction and may be calculated from the data on secondary parti-
cle angle and energy distributions given in evaluated nuclear data files.
The details of the PKA spectrum calculations have been given by a number
of authors [46,47,48,49], Subsequent calculations involve various inte-
grals of different solid-state model dependent parameters over the PKA
spectrum and do not concern us in this review.
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Since the calculation of the PKA spectrum is the first step in
radiation damage analysis and further calculations depend on it, it is
interesting to study its sensitivity to the input nuclear data. Such a
study has been carried out recently by Gabriel and Bishop [50]. They in-
vestigated the sensitivity of PKA spectra and displacement per atom (DPA,
see references 44 and 46 for its definition) in iron by changing the energy
and angular distribution of secondary neutrons inelastically scattered into
the continuum and those that result from (n,2n) reactions. They tried
three different angular distributions for the same energy distribution:
(1), isotropic in the c- of m system, (2), 75% forward and 25% backward,
and (3), that given by 1 + cos 6. They found that the sensitivity of the
PKA spectrum and the DPA cross-section to be reasonably large and of the
order of <x» 15%. For different secondary neutron spectra (A: ENDP/B-IV
(histogram) and B: a E exp(-E/T) the change in the DPA cross-section is
smaller and of the order of ̂  5%. This study is very interesting because,
usually, the angular distribution of the secondary neutrons scattered into
the continuum is assumed to be isotropic. Though this may be true for the
equilibrium part of the secondary neutrons, it is not so for the pre-
equilibrium part, as may be seen from the Hermsdorf, et al [51] data and
its analysis into its equilibrium and pre-equilibrium parts as a function
of angle [52], Most of the nuclear model codes do not calculate the
angular distribution of the pre-equilibrium part correctly except for a
recent attempt [53]. It thus appears necessary to treat the angular
distribution of the secondary neutrons scattering into the continuum cor-
rectly in the evaluated data files and put in forward peaked angular dis-
tributions supported by experimental data.

At the BNL Symposium [4] it was recommended that detailed sensi-
tivity analysis of radiation damage parameters to variations in the input
nuclear data be carried out. The study by Gabriel and Bishop is a begin-
ning and perhaps a more systematic and detailed investigation should be
done. Further, it was recommended that a damage cross-section file and an
accepted PKA spectra file endorsed by an official group such as the Damage
Analysis and Fundamental Studies Task Group of the Division of Magnetic
Fusion Energy of the Department of Energy be established and made available.
As yet, there is no standard PKA spectra file. There are two sets of rec-
ommended displacement cross-sections for iron, nickel and chromium publish-
ed by EURATOM [54], and in the U.S.A. [55]; these were recommended at the
IAEA Specialists Meeting at Harwell [56]. The EURATOM displacement cross-
sections for iron extends only to 10 MeV so it is not applicable to fusion
reactors using D-T fuel cycles. The U.S.A. cross-sections based on ENDF/B-
IV extend up to 20 MeV and contain in addition, data on Al, V, Cu, Zr, Nb,
Mo, Ta, W, Pb and stainless steel.

2.6.2 Gas Production

Data on gas production cross-sections will be part of ENDF/B-V
and will be given for 22 materials. These will be based on (n,p),
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(n,n'p), (n,d), (n,a), etc., reactions evaluated for the General and Special
Purpose Piles, and will be consistent with them. Traditionally radio-
chemical methods were used to measure (n,p), (n,n'p), (n,d) and other
cross-sections. Some of the shortcomings of these methods are (i) the
final state has to be radioactive, and (ii) one tends to measure a sum of
different channels like (n,n'p) and (n,pn') and (n,d) rather than the pro-
ton and deuteron producing reactions separately, and (iii) no information
on the energy and angular distribution of the outgoing particles is avail-
able. Recently a spectrometer for the measurement of (n,xp), (n,xd) and
(n,xct) cross-sections, angular and energy distributions of outgoing charged
particles for 15 MeV incident neutrons has been developed [57]. With this
technique one could also study a mixture of isotopes as in a sample of an
element or different types of stainless steels. Results obtained by using
this technique are given in references [58] and [59] and compared with
evaluations and the results of other measurements. Another new technique
uses mass spectrometric methods to determine the helium produced in samples
by neutron bombardment [60,61]. This method has not as yet been used to
determine hydrogen production. The results of these two methods agree with-
in experimental errors though the mass spectroscopic measurements are
slightly higher. In Table III are shown the experimental data of Grimes,
et al [59] and of Farrar et al [61] compared with ENDF/B-V evaluations for
nickel and chromium isotopes and the elements by Divadeenam [62] and Prince
[63] respectively. In general, one can say that where the differential
data for the (n,particle) reactions are good the agreement between the data
and evaluations is good. If there are no good data and also the nuclear
model parameters are not that well-known the evaluations are not reliable
and the agreement with measured data is poorer.

He and H production data are needed [11] with 10-50% accuracy for
a few neutron energies 9-14 MeV for 7Li, C, Ni, Si, Cu, X1B, Fe, Cr and Pb.
Further studies are expected to better define the data accuracies needed.

2.6.3 Non-gaseous Transmutations

These transmutations, over a period of years, can cause a change
in the chemical composition of the structural components subjected to in-
tense neutron bombardments with consecruent chancres in the mechanical prop-
erties. Transmutations have been calculated by Vogelsang, et al 164],
Kulcinski [65] and others. The data needed for these calculations are in
general available in the ENDF/B isotopic evaluations.

2.7 Induced Activity

An estimation of the amount and characteristics of radioactivity
induced in the various parts of a fusion reactor is essential to assess
the practical problems associated with plant maintenance, radioactive
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waste disposal and reactor safety. This also enables one to calculate
nuclear afterheat and biological effects associated with the activation
products.

There have been a number of calculations of induced activity by
Steiner [25], Vogelsang, et al {64], Kulcinski [65] and others. They have
also calculated the afterheat and biological hazards after shutdown and
made comparative studies of different structural materials. At that time
activation and decay data were not part of ENDF/B evaluations. In Version
V as part of special applications files, activation and decay data informa-
tion will be available on relevant reactions. The total number of activa-
tion cross-sections which will appear in Version V is about 84. The decay
data which will be part of these files will be evaluated or reviewed by
C.W. Reich using all available information on the particular decay.

2.8 Radiation Shielding

The neutron data needed for radiation shielding calculations are
elastic, inelastic, (n,2n), (n,3n), (n,y) cross-sections, as well as photon
production cross-sections and the angular and energy distribution of the
secondary neutrons and gamma-rays. Because of their use in fission reac-
tors, the calculational methods and procedures are well developed and there
are a number of benchmarks for shielding. In the following, a brief dis-
cussion of this type of benchmark testing will be given to convey some
idea of the state of the data and the evaluations.

The results of shielding benchmark testing with ENDF/B-IV data
are given in reference [39]. These benchmarks test total cross-sections
for a number of shielding materials in the 1-10 MeV range, gamma produc-
tion cross-sections by thermal neutron capture or that averaged over a
fast neutron spectrum from 1-15 MeV. Some of them also check the neutron
cross-sections between 2 and 14 MeV by measuring time-of-flight spectra
through several mean free paths of a large number of materials. These are
all described in the bibliography given in reference [39]. The pulsed
sphere experiments [66] have played a significant part in improving the
quality of neutron data evaluations because they pointed out for the first
time the need to include pre-equilibrium component in the spectrum of
secondary neutrons scattered into the continuum. Since they are done with
a 14 MeV neutron source in the center of the sphere, they are crucial for
testing high energy evaluations needed for fusion reactor design. These
experiments are also important for checking the codes and calculational
procedures. A program to carry out a series of integral experiments to
test the performance of blanket and shield assemblies and extending over a
period of five years has been started at ORNL [67]. These experiments will
use a 14 MeV neutron source and study deep neutron penetration in bulk
media by measuring neutron and gamma-ray spectral data as a check on the
experimental and evaluated data as well as the transport calculational
methods.
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Over a period of several years, the quality and availability of
qamma-rav production data for a number of elements has improved. Some of
the experimental work done at ORNL has been summarized by Dickens et al
[68]. These cross-sections have been measured for 0.3 < E <10.5 MeV and
0.1 < E <20.0 MeV for some 22 elements. To extend the data to lowern
gamma ray energies may be important for heat deposition calculatins in-
volving thin absorber which preferentially absorb the softer gamma rays.
Measurements at lower neutron energies would also be helpful as in many
cases, one is forced to "extrapolate" from thermal or low energy resonance
data into the epithermal region by maintaining energy balance. In many
cases where there are no data one has to have recourse to various calcula-
tional procedures, two of which will be described below.

The first method is that of Perkins, et al [69] and is based on
the observed systematics of gamma-ray production data and establishing an
empirical calculational procedure. This is the R-parameter formalism of
Bewerten and plechaty [70] for the calculation of (n,xY) cross-sections
and spectra above 4 MeV incident neutron energy. They noticed that for
continuum gammas with E > 1 MeV the experimental spectra follow the shape:

N(EY) £ EY exp (-R.EY>

where the R-parameter can be determined from experimental data as a func-
tion of incident neutron energy. This formalism has been refined and ex-
tended to calculate (n,xY> cross-sections and spectra for each reaction
which could then be summed to give the total spectrum. Experimental data
could be used to determine R-parameter as a function of excitation energy
and in addition to gamma ray spectra one could also calculate electron and
x-ray production arising from internal conversion. The results of this
procedure are applied to both fissile and non-fissile nuclei [65]. They
did find that the technique appears to yeild satisfactory results with
data for non-fissioning reactions. It is also found that the fission reac-
tion is not described as well by the R-parameter formalism: rather it is
better to use experimental data on prompt gamma rays from thermal fission.
The one advantage of this formalism is that it could be used in those
cases where the input data needed to run more elaborate nuclear model codes
are not readily available. The other procedure is to use various types of
Hauser-Feshbach type calculations to determine the gamma production cross-
sections and spectra. Examples of these are the work of Gardner [71],
Arthur et al [72], Pu [73] and Strohmaier et al [74]. The agreement be-
tween the calculations of these codes and the experimental data is quite
impressive and these codes represent "state-of-the-art" as it stands now.
These codes will be discussed briefly in Section 2.10.

Data for shielding, activation and neutron transport calculations
need angular and energy distribution of secondary neutrons for a few
selected energies from 9 to 14 MeV for C, Ni, Si, Cu, UB, Fe, Cr and Pb
[11]. The accuracy needed is ± 10%.
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2.9 Hybrid Concept

These concepts involve the use of excess neutrons from a D-T
fusion reactor to interact with fissile or fertile nuclei in the blanket
to produce energy from nuclear fission. The excess neutrons may also be
used to burn or transmute troublesome fission product or actiniae waste
into less harmful or more manageable end products. These concepts have
been reviewed by Leonard [75] and Lidsky [30] who have traced the growth
of these ideas from the early 1950's into the later detailed design
studies and discussed their merits. An up-to-date bibliography of these
publications has been assembled by Leonard [76].

These devices may be divided into three categories [30], (i) the
hybrid systems in which both fusion and fission events occur in the same
device, (ii) the symbiotic - those systems in which fuel is bred for con-
sumption in physically separate fission reactors and in which fission
reaction in the fusion blanket are suppressed, and (iii) augean systems in
which the fission reactor products are transmuted to less toxic forms.

The neutron data needed for the first two types of systems have
been discussed by Wolkenhauer and Leonard [77] in their design studies of
the hybrid reactors. Data are needed on neutron producing reactions and
fuel breeding reactions. These are the (n,2n), (n,3n) fission and capture
reactions. The tritium breeding reactions have been discussed in Section
2.3. Data for these reactions are needed from thermal energies to about
14 MeV. The number of nuclei for which data are needed depends on the com-
plexity of the transmutation chain in a hybrid blanket and may involve,
e.g. 15-20 uranium, neptunium and plutonium isotopes in a uranium blanket.
The data for all these isotopes are not known equally well. In addition,
information on the fission spectrum and its variation with energy and the
angular and energy distribution of secondary neutrons are needed. A few
illustrative examples of the data accuracies in the current evaluations of
U-238 for ENDF/B-V are given to convey some idea of data errors. The less
well studied actinides naturally will have larger errors. For U-238 it is
estimated [78] that the fission cross-section has an error of about 9% at
0.3 MeV, 12% at 0.6 MeV, decreasing to 3% at 2.5 MeV, 2.4% at 4 MeV and
about 4% at 14 MeV. The uncertainty in the capture cross-section is about
9% at 20 keV, 5% at 100 keV and 1 MeV. For the (n,2n) cross-section, the
uncertainties are estimated to be less than 10% near the maximum where the
cross-section is large; at about 14 MeV "the observed data spread lie out-
side this error band. The (n,3n) data have large error bars and the uncer-
tainty may be +_ 20% or more. The fission spectra and their variation with
energy are not well known. The same may also be said about the energy
spectrum of secondary neutrons inelastically scattered into the continuum
and those due (n,2n) and (n,3n) processes, and the evaluation was guided
by macroscopic benchmark tests [78].
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Pulsed sphere measurements may be used to check [79] the data
evaluations for use in fusion-fission blanket calculations. In these ex-
periments 238U spheres with 3.63 cm and 10.91 cm radius (0.8 m.f.p. and
2.8 m.f.p.) were used with a 14 MeV D-T source in the center. Using the
time-of-flight method, neutron spectra from the sphere were recorded and
compared with results of calculations using ENDF/B-IV and ENDL evaluations.
While neither library yielded good agreement over the whole of the energy
range of measrued spectra, ENDF/B-IV agreed well with data for neutrons
below 1 MeV and ENDL gave the best agreement with the 2.8 m.f.p. sphere
high energy spectra. Similar calculations were carried out with the
ENDF/B-V evaluation and the magnitude of the pre-compound component in the
inelastic scattering into the continuum adjusted to give acceptable agree-
ment with the pulsed sphere experiments [78]. The Weale experiment [80]
can also serve as an integral test of the evaluated files used in fusion-
fission calculations. A 14 MeV neutron source was surrounded by a natural
uranium metal pile and the 14 MeV flux, the total neutron leakage and the
reaction rate distributions for 235U(n,f), 238U(n,f), 238U(n,y) and
239Pu(n,f) were measured. This experiment has been analyzed by Haight
et al [81] using ENDF/B-III and IV and two different versions of ENDL li-
brary. The newer versions of the libraries were found to give total reac-
tion rates differing less than those of the older versions, though there
were significant deviations, especially in 238U(n,f) rate and in neutron
leakage. They ascribe these differences to differences in the neutron
emission spectrum from 14 MeV neutrons.

In the augean systems, the fusion device acts as a radioactive
waste burner. The radioactive wastes are of two types: (i), the fission
products like 85Kr, 90Sr and 137Cs, and (ii) the actinide group made up of
transplutonium wastes such as the isotopes of americium and curium derived
from successive neutron capture and decay in uranium and plutonium. Typi-
cally, the fission products in the first group have short half-lives (̂  30
years) and low thermal capture cross-sections. The actinides have very
long half-lives. The transmutation of fission products in a fusion device
could be achieved by means of (n,ct), (n,2n) and (n,3n) reactions which
transmute them into stable isotopes. The actinides could be changed
mainly by the fission process from long-lived highly dangerous heavy ele-
ments into fission products of much shorter half-lives.

A detailed analysis of the transmutation in such a system was
carried out by Wolkenhauer, et al [82]. They conclude that such burning
of waste is possible. The neutron data needed to calculate the fission
product transmutations are the (n,2n), (n,3n) and (n,f) reactions. These
data are available with varying accuracies for the nuclei in a transmuta-
tion chain. If no data are available, one could try calculating them using
either cross-section systematics or nuclear model codes. The first method
is used, for example, in the THRESH2 code of Pearlstein [83] and one could
calculate, sav (n,2n) cross-sections with errors of the order of 20-30%.
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However, as one qoes away from the line of stability and the measured data
which are used in the code are less well known, the calculated cross-section
uncertainties would be larger. As regards neutron capture, if the neutron
strength function and the average capture widths are known, the average
epithermal capture may be calculated with 20-25% uncertainty. It is not
possible to calculate thermal capture from a nuclear model. For the ac-
tinides fission cross-section, data are needed in addition to (n,2n), (n,3n)
and capture cross-sections. These will have to be measured or estimated
from the data from an operating system.

2.10 Nuclear Model Codes

Nuclear model codes play an extremely important part in neutron
and charged particle evaluations and a few remarks about them appear to be
in order. They are essential for filling in the gaps in experimental data
or provide guidance where there are no data at all. However, the adequacy
of nuclear model codes can be checked and their validation confirmed only
by a careful comparison with experimental data. This could also lead to
an adjustment of some of the input parameters which are not well known.
If the experimental data to check the model and input data are not avail-
able, any nuclear model calculations will be less reliable and should be
used with caution.

Amongst the nuclear codes available to the data evaluator, some
are based on observed data systematics. Examples of these are the code
THRESH2 [83] for (n,particle) reactions and the R-parameter formalism [69]
of Perkins et al for calculating gamma production cross-sections and spec-
tra. These codes do not need much input information and are of use in
calculating, for example, properties of fission product nuclei where very
little information on the target nuclei is available. Properties of such
nuclei are needed, for example, in calculating fission product burn-up in
fusion-fission hybrids.

The pulsed sphere experiments [66] carried out at Lawrence
Livermore with 14 MeV neutrons and their analysis gave definite evidence
for the presence of a high energy component in the spectrum of secondary
neutrons scattered into- the continuum. Thus, the temperature model of
Weisskopf had to be supplemented by a pre-equilibrium part as given, for
example, by the exciton model of Griffin [84]. Later refinements of nu-
clear models for calculating the pre-equilibrium fraction have recently
been reviewed by Blann [85] and most of the nuclear model codes in use cur-
rently take into consideration pre-equilibrium emission at least for the
first neutron emitted in the reaction. This should be adequate for neutron
reactions below 20 MeV. Use of these codes have markedly improved the
secondary neutron energy distributions given in evaluated data files.
These distributions show better agreement with both differential and in-
tegral data. Examples of these may be found in references [72] and [86].
Hansen et al [87] have compared experimental data on secondary neutron
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emission spectra from 14 MeV incident neutrons with nuclear model calcula-
tions for a number of materials. They found that they had to include con-
tributions from statistical, pre-equilibrium and direct reaction parts to
achieve a good fit to the data. Experimental data [51] indicate that the
pre-equilibrium part of the secondary neutron distribution is forward
peaked as one would expect of a process that lies between the extremes of
direct reaction and compound nucleus emission. However, none of the above
codes can calculate such forward peaked angular distribution. Recently,
claims have been made [88] that a new formalism does predict forward
peaked angular distribution for the pre-equilibrium part. A better just-
ification of the physical assumptions of this theory and a systematic com-
parison of calculations against experimental data should be made to vali-
date this claim.

Recently, there have been a number of multistep Hauser-Peshbach
codes [71,72,73,74,89] which can calculate (n,p), (n,nf), (n,a) and (n,d),
etc. reaction cross-sections, spectra (and angular distributions for (n,n)
and (n,n')> at each step and follow the sequence of reactions for a number
of steps. They can also calculate branching ratios to isomeric states,
gamma ray production cross-sections and spectra. Use of these codes has
resulted in a great improvement in the representation of secondary particle
spectra and angular distributions for which there are no data. Following
a suggestion of Gruppelaar [90] there have been a number of code compari-
sons where the same input data are used and the output of different codes
checked with a general improvement of this important tool available to the
evaluator. These codes need as input experimental data on the energy levels,
their spins and parities for the target nucleus, as well as different
nuclei which form the intermediate stages of the multi-step cascade.
This nuclear structure information may be extracted from ENSDF data files
[91] which also have the decay data. Charged particle reaction data can
be used to extract optical model parameters for use in neutron cross-section
calculations as well as the deformation parameters needed for coupled chan-
nel calculations [92] needed to calculate direct reaction contributions.

3. EVALUATED NUCLEAR DATA 20 TO 60 MeV

Materials damage studies for the fusion energy program need an intense
14 MeV neutron source with fluxes <v 10* Sa/cm sec over large volumes of a
few liters. These intense sources of fast neutrons have been reviewed by
Lone [93] and by Barschall [94]. There have been several proposals [95]
to achieve both the high intensity and the large irradiation volume needed
and a Fusion Materials Irradiation Testing (FMIT) facility using a D-Li
source is under construction at Hanford Engineering Development Laboratory
(HEDL). This facility will have a neutron flux with a peak at about 14 MeV
and extending up to about 50-60 MeV neutron energy. Thus, it is essential
to have neutron cross-section data and evaluations up to about 50-60 MeV
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to be able to interpret the data from this device. Some of these data prob-
lems were discussed at a Brookhaven Symposium [4] last year. There were
sessions devoted to (i) intense high energy neutron sources and their
characteristics, (ii) differential data and experimental techniques, (iii)
materials damage studies, (iv) integral experiments and data testing, and
(v) data evaluation and nuclear model codes. The subject of each session
was discussed in detail in a workshop, its present status reviewed and
recommendations for a future course of action made. These workshop reports,
along with the review and contributed papers have been published. These
reports emphasized the need to determine the neutron energy and angular
distribution of these sources using a variety of techniques. This would
mean an extension of the dosimetry methods to higher energies and measure-
ment of new cross-section data 20-50 MeV. Since a large number of reaction
channels open up at these energies, a measurement of all possible reactions
for a large number of materials would be a formidable task. It was, there-
fore, recommended that a few important reaction cross-sections be measured
at a selected number of energies to validate nuclear model codes which
could then be used to calculate the cross-sections. A number of nuclear
model codes which could be used for this purpose were also discussed. In
the following, these problems will be reviewed along with a survey of some
current work being done in this energy region.

3.1 Neutron Dosimetry

The dosimetry needs of the materials testing program were dis-
cussed by Doran et al [96] and have also been reviewed by Heinrich et al
[97]. The main task here appears to be to extend the dosimetry and spec-
trum unfolding techniques to the energy region 15-50 MeV where the individ-
ual dosimetry reactions are not that reliable. Hence, a list of these
reactions was drawn up [98] as desirable candidtaes for new measurements.
Some of these cross-sections have been measured [41,99] up to 28.0 MeV and
the experimental data compared with results of nuclear model calculations
showing good agreement.

In order to get a set of nuclear reactions for dosimetry up to
E = 44 MeV, Greenwood et al [100] extrapolated available evaluations to
higher energies, guided by experimental data where available or a variety
of calculational aids where there were no data. Integral tests on 30 of
these reactions were carried out by activating these foils in the neutron
field of a D-Be source formed by E, = 40 MeV deuterons stopped in a thick
beryllium target. The spectrum of this source was measured using time-of-
flight methods and the experimentally measured activities were compared
with the spectrum integrated values and were found to agree within ĵ  10%.
The neutron spectra unfolded with the SAND-II code also showed excellent
agreement with time-of-flight measurements. Similar unfolding of the spec-
trum of a D-Be source with E = 30 MeV has also been done by Nethaway et al
[101] using multiple foil activation, and these measurements are continuing
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at other angles [108]. Other experimental techniques that could be used to
measure the neutron spectra are the proton recoil counters and time-of-
flight techniques. Time-of-flight can measure data from about E = l MeV
and up and the spectrum below 1 MeV could be measured using the 6Li{n,t)a
reaction, another technique that could be used is to measure the total
helium produced in an irradiated sample by mass spectrometry. This is
being pursued by Farrar and co-workers [102]. A number of wire rings are
irradiated in a D-Be source neutron field with E, = 30 MeV and thea
spectrum integrated helium production cross-section is measured to evalu-
ate their use as neutron fluence dosimeters. The helium produced is
measured with a mass spectrometer and one also obtains helium production
cross-sections for this neutron field. Data requests [11] related to
dosimetry are for neutron reaction data for selected neutron energies from
1 to 40 MeV for Au, Co, Ni and Pe with 10-20% accuracy from 2-25 MeV and
less accurate measurements below 2 MeV and above 25 MeV.

3.2 Radiation Shielding

In constructing PMIT, it is necessary to estimate its shielding
requirements. There are two data libraries suited for this purpose - the
Los Alamos Library by Wilson [103] and the Oak Ridge Library by Alsmiller
[104].

The Los Alamos Library was created for designing shield for neu-
trons produced by 50 MeV deuterons on beryllium for cancer therapy. It has
data for H, B, C, N, 0, Si, Fe and W. It is a sixty-group library for
transport calculations and includes P,. cross-sections in standard LASL for-
mat. The library combines processed ENDF/B-IV data below 20 MeV joined to
higher energy cross-sections calculated with a Los Alamos version of the
intranuclear cascade and evaporation model [103]. The nuclear model calcu-
lations were adjusted to agree with experimental data where available. The
library contains total, elastic (for H only), non-elastic and scattering
cross-section data and extends to 60 MeV.

The Oak Ridge Library also extends to 60 MeV and has multigroup
cross-sections (47 n-groups, 21 y-groups) in ANISN format for H, 1"ß, 1:lB,
C, 0, Si, Ca, Cr, Fe and Ni. At P -Legendre expansion is used at energies
>_ 14.9 MeV and a P_-Legendre expansion is used below it. Below 14.9 MeV
the cross-section are from ENDF/B-IV. Above this energy, differential
elastic scattering cross-sections are from optical model calculations and
differential non-elastic scattering cross-sections are from the intranu-
clear cascade and evaporation models [105] are used. The library contains
total, elastic, non-elastic cross-sections and gamma-ray production cross-
sections only up to 15 MeV.

Data needed [11] for FMIT shielding design are for total, non-
elastic cross-sections and angular dependence of elastic scattering cross-
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section for a few selected energies between 20-50 MeV with a 10-15% accur-
acy. The data needs for Fe and O are most urgent; those for Si, Ca and C
are less critical.

The Oak Ridge Library is also being used for some materials
damage calculations at Brookhaven [109] . pu and Perey [110] calculated a
number of reactions needed for radiation damage studies for Cu, Nb, Al and
Au up to 32 MeV with emphasis on the spectra of light particles from bi-
nary reactions. Radiation damage calculations using these have also been
published [111]

The high energy materials damage calculations need [11] transmu-
tation rates, differential angular distributions for elastic and inelastic
scattering cross-sections and the spectra of emitted particles for a few
selected neutron energies up to 30 MeV for Fe, Ni, V, Ti, Nb, Cu and Sn
*
with an accuracy of 10-50%. These accuracy requirements will be reassessed
from sensitivity studies to be performed.

The following data measurements in the energy region 20-60 MeV
are in progress and the data are being analyzed or they will be carried out
in the near future. Total cross-sections for Fe and Ca have been measured
[112] for E = 35, 40 and 50 MeV with an accuracy of 2%. Removal cross-
sections have been measured for Fe, H_0, Ca, C and Si for E = 40 and 50* n
MeV with better than 15% accuracy using the technique of Voss and Wilson
[113]. From these data, non-elastic cross-sections for these energies may
be extracted [112]. The spectra of secondary neutrons have been measured
for ten angles between 0°-150° and for E. = 35 MeV deuterons stopped by a
thick lithium target using time-of- flight method between E = 2-50 MeV.
It is also planned to cover the lower energy region up to 2 MeV by this
method. These measurements were made at the Crocker Nuclear Laboratory
(UCD) as a joint project with HEDL to provide data for FMIT. There are
plans [112] to measure differential elastic scattering on oxygen for a
number of energies in the same energy range. Activation cross-sections of
a number of materials will be measured under d and n bombardment to esti-
mate activation of FMIT components and determine the best course of action
for servicing it. For E = 27.4, 39.7 and 60.7 MeV and targets of 12C,
llfN and 160, the spectra of emergent charged particles, e.g. p, d, t, 3He,
and a have been measured as a function of angle between 15°-150° at the
Crocker Nuclear Laboratories [114]. Total cross-sections for 6Li, 7Li,
and C have been measured from 20-50 MeV with a. 2% accuracy at the National
Bureau of Standards [115] . **He total cross-section has also been measured
from 21 to 23 MeV in connection with the D-T reaction studies. Experiments
are being set up at Ohio University [116] to measure (n,xp) , (n,xa) and
other charged particle cross-sections using a spectrometer similar in de-
sign to the one at Lawrence Livermore Laboratory [57] . Data will be
measured on Ni, Cr, Fe and other structural materials up to E = 26 MeV.n
Charged particle cross-sections of *̂ C, *"*N and ̂ 0 will also be measured
for medical applications [116] . J.A. Harvey et al [117] have measured the
total cross-section of 7Li from about 100 eV to 40 MeV.
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4. SUMMARY

In this review, a number of fusion reactor related applications of
mostly neutron cross-section data have been discussed. It is noted that
charged particle cross-sections, nuclear structure and decay data are also
needed for these applications. A sound data base of experimental measure-
ments is necessary to support a credible data evaluation which could also
be checked against well planned integral experiments. Some of these com-
parisons do indicate disagreements which have to be clarified by further
work. Some immediate data needs for different applications are also given.
Nuclear model codes have played an important part in providing complete
evaluations below 20 MeV and are expected to play an even greater role in
the energy region from 20-60 MeV. However, they have to be checked against
experimental data at least at a few energy points; therefore new data meas-
urements are needed. Refinements in nuclear model codes may also be neces-
sary to allow for those effects which are not important below 20 MeV. A
more realistic estimate of effort along these lines can be carried out only
by using results of sensitivity studies on radiation damage effects. This
has yet to be done. Format changes in data files may also be necessary to
accommodate greater details of data representation and more refined physics.
This is being considered for the ENDP data files and significant work has
been done on a generalized format [118]. A new cycle of evaluations is
also being planned and the fusion community is invited to offer any sug-
gestions for improvement or requests for categories of data not yet includ-
ed in the data files.
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TABLE I

EVALUATED NEUTRON DATA LIBRARIES

LIBRARY COUNTRY DESCRIPTION

A.A.E.C.

C.E.N.
Compilation

ENDF/B

ENDL

JENDL

KEDAK

SOKRATOR

UKNDL

Los Alamos Library

Oak Ridge Library

Australia

France

U.S.A.

U.S.A.

Japan

Fed. Rep.
of Germany

U.S.S.R.

U. Kingdom

U.S.A.

U.S.A.

Cross-section data for fission
product nuclides

Compilation of properties of
fission products

General cross-section data set

Fast reaction cross-section
data set

General cross-section data set

Fast reaction cross-section data
set.

General cross-section data set

General cross-section data set

Neutron multigroup data
E < 60 MeVn —

Neutron-photon multigroup data
E < 60 MeVn —
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TABLE II
CONTENTS OF ENDF/B LIBRARY

DATA TYPE

General Purpose

Lumped Fission
Products

Thermal Scatter-
ing Data

Fission Products

Photon Production

Photon Interac-
tion

Standards

Dosimetry

Decay Data

Data Covariance

Actinides

Gas Production

Activation

ENDF/B-I
1967

48

9

7

ENDF/B-II
1970

52

9

7

55

ENDF/B-III
1972

69

9

7

55

11

yes

7

ENDF/B- IV
1974

90

9*

7a

825

42

yes

7

36

825

3

ENDF/B-V
1979

117

9&

7a

825

53

yes

7

36

932

65+

40

22

84

a. Available in ENDF/B-III format only.
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TABLE III

PROTON, DEUTERON AND ALPHA-PARTICLE EMISSION
CROSS SECTIONS FOR E = 15 MeVn

TARGET

50Cr

52Cr

Cr

58Ni

-Ni

Ni

P
Expta

nib

830+100

108+25

180+25

1000+120

325+40

790+100

Evaln
nib

811

165

179

1008

190

752

D
Expta

nib

12+4

8+3

10+3

14+6

11+4

13+5

Evaln
.nib

5

'v. O

0.3

29

2

21

"He
Expta

mb

94+15

36+6

38+6

106+17

76+12

97+16

Evaln
nib

105

85

80

194

53

150

"He
Farrarr3
1 nib

98+6

a. S.M. Grimes et al, UCRL-Preprint-81802 (1978).
b. H.Farrar and D.W. Kneff, Trans. Am. Nue. Soc. 28, 197 (1978).
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NEUTRON REACTION DATA IN THE MeV RANGE

H. LJSKIEN

CBNM Geel, Belgium, JRC of the CEC

AO-159/B4
Review Paper

Abstract

The energy range and reaction types of relevance for neutron reac-
tion data for fusion reactors are shortly discussed followed by a sum-
mary of the presently available methods to determine such data. Prin-
cipal deficiencies are underlined and examples, typical for the data sta^-
tus are given.

SCOPE

Concerning neutron energies one would think that energies up to 14.1
MeV are relevant here. However, the usual assumption of emission of a
14. 1 MeV neutron from a D-T plasma is unprecise. A Monte Carlo cal-
culation f 1 ] shows (see Fig. l) that for inclusion of neutrons with at least
5 % of the maximum intensity, energies up to 15 MeV have to be inclu-
ded. There is however an essential field which perhaps demands data for
even much higher energies namely microscopic neutron cross sections
for the interpretation of material damage under intense neutron irradia-
tion. If the necessary intense neutron source for radiation damage stu-
dies is not built based on the T(d,n)-reaction |" 2 ]but based on the
Li(d,n)-reaction f3]then the produced neutron spectrum will extend to
*** 40 MeV and the relevant microscopic data for the interpretation of the
results will also be needed up to that energy.

Concerning reaction types a breakdown according to application sub-
fields is given in Table 1. The rare reactions (n, 2p), (n, d), (n, 3He)
and (n, t) wi^l not be regarded; of course with the exception of the break-
up reaction Li(n, t) He and Li(n, n't)4He due to their special impor-
tance for tritium breeding, (n, np)-and (n, na)-reaction can reach the
same size as those for (n, p) and (n, a).
Only a few relevant isotopes have (n, 3n) thresholds below 15 MeV. How-
ever it has been suggested f4] to use Au(n,xn) with x = 2, 3, 4, 5 simul-

taneously as dosime-
try reactions in case
of an INS based on
Li(d,n). Gold is a
monoisotopic ele-
ment and the men-
tioned reactions all
lead to radioisotopes
of convenient half
life and radiation.

Concerning the
materials of interest
(fuel, 'coolant, struc-
tural materials,
magnet system, mo-
derator, reflector,
multiplier etc.) the
relevant part of
WRENDA f 5 ] still
contains a broad
spectrum of mate-
rials covering a lar-
ge part of the perio-
dic table. Instead of
reviewing the status

Fig. 1.The neutron spectrum to be expected from of data for all these
a d-t plasma at 10, 20 and 30 keV temperature. materials I decided
The integral over each spectrum is proportional to review the pre-
to the average fusion cross section at the given sently available ex-
temperature.
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Table 1 : Relevant reaction types and their application subfield.

(n,p) (n.np) (n,2n) (n,3n) (n,t) (n,<x) (n,na)

tritium breeding x
neutron multiplication
neutron shielding
heating/ c ooling

x
X

X

X

X

X

X

X
X
X

X
X

X
X

activation/transmutation x x
gas production x x
radiation damage x x

x
x
X

X
X

X

Fig. 2. A typical set-up f 6 ] to determine double differential neutron
emission cross sections using TOF spectrometers.

perimental set-ups to determine such data. This approach underlines the
principal deficiencies, does not anticipate the findings of the earlier pa-
pers of this meeting, and allows a concept-independent view. Typical
examples on the corresponding data status are given at the end of the
paper.

NEUTRON TOF - SPECTROMETER
Looking with a neutron TOF spectrometer at a sample which itself

is bombarded with pulsed monoenergetic neutrons allows to determine
double differential (with respect to emission angle and secondary neu-
tron energy) neutron emission cross sections.

A typical set-up f 6 ]is given in Fig. 2. Normally this method is
applied below the (n,2n) threshold delivering the double differential scat-
tering cross section and therefore will be discussed in the following pa-
per F 7l. The fact that the method does not allow the separation between
(n,n'), (n,2n) and (n,3n) events in certain regions of secondary neutron
energy should not prevent the application of this method also above the
(n,2n) threshold. Many neutronics calculations do not request as input
data separated (n,n'), (n,2n) and (n,3n) cross sections but may be run
with neutron emission cross sections.
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EXPERIMENTAL SET UP TIME SEQUENCE OF GATED DATA COLLECTION

Fig. 3.A typical set-up [l3]to determine partial neutron emission
cross sections using a big scintillator tank.

Applied above the (n,2n)-threshold and with two detector systems in
coincidence the method allows to study energy and angular correlations
of the emitted neutrons. However, with neutron sources nowadays avai-
lable, this application suffers from low count rates and has therefore
mainly applied to 9Be(n,2n) and at 14 MeV f 8] .

NEUTRON MODERATION METHOD
This method delivers the partial neutron emission cross sections

for the emission of x = 2, 3, 4 etc. neutrons. It does not distinguish
between neutrons from a (n.xn)-process and x neutrons from the fission
process. No information on the energy spectrum and the angular distri-
butions are obtained.

The method has been developed at Livermore f 9] and Aldermas-
ton f 10 ] and is now routinely applied at Los Alamos f 11 J and Bruyère-
le-Chatel [ 12 ]. A typical set-up [13 ] is given in Fig. 3. A monoener-
getic pulsed and collimated neutron beam from a Van de Graaff accele-
rator is passing a through-tube of a big scintillator tank in the.center of
which the material of investigation is placed. After having irradiated the
sample material for 1.2 (js the counting gates of the photomultipliers
viewing the gadolinium loaded scintillator are opened for 30 )js. Neutrons
emitted from the sample are moderated in the scintillator and eventually
captured by the gadolinium, producing a 9 MeV y-cascade transformed
to scintillation light. Data have to be corrected for natural and accele-
rator dependent background, for dead time losses and the detector effi-
ciency, which typically is determined using Cf-neutrons. Background
conditions are such that (n.n1) events cannot be evaluated, (n,2n) events
have to be corrected for two (n.n1) events occuring in the same gate pe-
riod. If fissionable materials (e.g. for hybrids) are studied, then the
methodper se does not distinguish between a (n,2n)-process and a fission
process with V= 2; of course similar for (n,3n) and V= 3. For many neu-
tronic calculations this distinction may be unimportant. If not, the fis-
sion part may be found out by replacing the ordinary sample material
with a fission chamber containing the same material and demanding co-
incidences. The so obtained V-distribution may be normalized for higher
multiplicities, for which (n,xn) processes are energetically excluded,
and used to substract fission events with lower multiplicity.

GAS EXTRACTION

The method delivers gas production cross sections. Evidently no dis-
tinction of (n,ct) and (n,na), for example, is possible and no information
on the energy spectrum is obtained. The gas may stem from the produ-
ced charged particle (p,d, He,t, He) or may be produced as residual nuclei.

For non-radioactive gases the method employs post-irradiation high-
sensitive mass spectrometry. Helium production, when boron is irradia-
ted jn a fast breeder reactor (EBR II), has been investigated f 14^, also
the He/ He-ratio, when materials are,irradiated in the broad neutron
spectrum (11. 5-43. 5 MeV) of a thick target Be(d,n) source on a cyclo-
tron [ 15]. Helium production in aluminium, iron and copper has been
used for fluence mapping at RTNS-I, the most intense 14 MeV source
nowadays available, for fluence mapping and results compared to those
of foil activation f l6] . In general one may say that the sensitivity of the
method is not sufficient to obtain neutron energy dependent He-production
cross sections with the available neutron sources.
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Fig. 4.A multi-angle telescope counter arrangement
ged particle emission cross sections ("23].

determine char-

Much higher sensitivities can be obtained if the extracted gas is ra-
dioactive with suitable half-life and the mass spectrometric measurement
is replaced by radioactivity determination. This technique has been ap-
plied for tritium production cross sections at 14 MeV 1*17-19]. Although
neutron sources away from 14 MeV are weaker, the same method can
and should be applied for lower energies, especially to determine the
tritium production cross section of Li and LL To this end Uttley et al.
f Z O ] are using Li2CC>3 enriched to 99. 97 % in Li. The tritium produced
according to the reaction Li(n,n't) He is converted to HTO and measu-
red by ß -counting after mixing with a suitable liquid scintillator.

The gas extraction method combined with radioactivity determination
may also be applied if the residual nucleus of a nuclear reaction is a
radioactive gas. Using radio gas chromatography and internal gas pro-
pgrtional counting this method has been applied in case of the reaction

Ca(n,a) Ar f Z l j a t 14. 6 MeV. Again, the same method should be ap-
plicable also for lower energies and for a few other reactions leading to
radio active gases.

DIRECT OBSERVATION OF CHARGED PARTICLES

Direct observation of charged particles emitted from material under
neutron bombardment allows in general to determine double differential
(with respect to emission angle and charged particle energy) cross sec-
tions.

However, in principle this demands that the sample material has to
be thin compared to the range of the charged particles and that possibi-
lities exist to discriminate against other charged particles (and gammas)
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which may be produced by neutrons in the sample, the structural mate -
rial of the sample/detector housing or in the detector itself. Technically
it is difficult to realize a 4TT geometry. Both points, thin sample and
the geometry, are only partly compensated by the efficiency of 1 for the
charged particle detector. Therefore, the difficulties in performing such
experiments are (l) the low count rates and (2) the background discrimi-
nation. Consequently most of the existing measurements have been per-
formed around 14 MeV, where with the 110 keV T(d,n) resonance an in-
tense neutron source is available. These experiments will be described
in a later paper f22 ] .

If, however, the charged particle detector can serve at the same
time also as sample, then the intensity problem can easily be overcome
and background events from the detector housing are of minor importan-
ce. Integration over all emissionangle s is performed by the method it-
self and the results are differential (wiih respect to the particle energy)
cross s^c^tions f2 3]- In this way ^e, B, N (counting gas) Li- K,

.Ca„ / Cs (scintillators) Si, Ge (solid state detectors) and Li,
N, O (emulsions) have been studied.

Triggered by the importance of neutron induced helium production
in structural material of fast fission reactors the CBNM Geel of Eura-
tom has implemented a programme to determine (n.a)-cross sections
below 14 MeV f24]. As neutron source the D(d,n) reaction at 0° is used
by bombarding a deuterium gas target with accelerated deuterons from
a 7 MeV single stage Van de Graaff machine. Fig. 4 shows the construc-
ted multi-angle telescope. Two 25mm diameter metal foils (for exam-
ple Cr, Fe, Ni etc. ) of about 3 mg/cm thickness are mounted on both
sides of a backing on a movable slide in the centre of the chamber. Char-
ged particles emitted from these foils are observed in five energy coun-
ters positioned under 16, 52, 80, 109 and 141° extending solid angles bet-
ween 40 and l60msr. Two pairs of proportional counters on each side of
the foils working with 50 Torr CO- are serving as energy loss counters.
Typical coincidence resolution is between 300 and 500 ns. The five E-sig-
nals and the two combined dE/dx-signals from each side are fed into a
modern 8-pararneter data acquisition system (ND 6660) for further ana-
lysis. At first the chamber was used with the neutron source as near as
possible to the chamber (source-foil distance 6.5 cm) and scintillators
as E-counters. Although this geometry results in maximum count rates
the random coincidence rate was unacceptable high. At present the sys-
tem is running with a brass collimator between source and chamber
(source-foil distance 30 cm) which allowed also to replace the scintilla-
tors by silicon surface barrier detectors. Data taking has started for
nickel.

NEUTRON ACTIVATION METHOD
The method is applicable for all reactions relevant for this paper,

if a radioactive residual nucleus with suited half-life and radiation is
produced. The reaction rate are determined not by the number of emit-
ted particles but by the number of produced residual nuclei and this via
their characteristic decay. The result is a cross section integrated over
all emission angles and energies. If sample material in its natural isoto-
pic composition is used the induced activity _may be allocated to different
reactions, for ecample Ti(n,p) Sc and Ti(n,d) Sc. The method is
unable to distinguish between (n,d), (n,np) and (n,pn)-processes.

A, the activity at the end of a neutron irradiation, is related to the
integrated reaction rate R by

R = A 1 - exp(-XT)

R = A/X if XT^t 1
R = AT if XT »1

(saturation)
T is the irradiation time and Xthe decay constant of the residual nucleus.
This relation assumes a time constant neutron flux : a correction factor
can be easily calculated, if this is not the case.
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En |MeV)

Fig. 5. Obtainable neutron energy a s function of ion energy and neutron
emission angle for the reactions T(p,n) He, D(d,n) He and T(d,n) He.
Strictly monoenergetic neutrons are obtained only in the hatched areas.

With decreasing cross section and increasing half-life the method
becomes more and more difficult to apply. Using chemixal separation
S.M. Quaim f25] succeeded in the determination of (n, He) cross sec-
tion as small as3ub while the excitation function for the reaction

Cu(n,a) leading to the 5.2 y Co have been determined at Geel [26-27^.
Induced activities in this case were in the order of pCi/g and demanded
low-level counting using 'Y-y coincidence techniques. When extreme short
half-live s are involved, attention must be paid to-rapid transport between
the'place of irradiation and the counting position. When determining the

Li(n,p) He(0. 8 s) cross section, R. Prasad and D. C. Sakar used a sam-
ple-transferring rabbit [28] device. Another possibility is not to-move
the sample but to pulse the source, a method which has been successfully
applied by R. H. August and H. O. Menlove wlien determining delayed neu-
tron f29]production cross sections for the Be(n,p) Li(l70ms) reaction.
In general whenever it is feasible y-counting is prefered compared to
^-counting, especially since the availability of Ge(Li) detectors. In many
cases the application of radiochemical separation methods increases the
sensitivity of the activation method considerably [30] .

NEUTRON SOURCES

Only in special cases of the direct observation of charged particles
a "white" pulsed neutron source can be employed together with energy de-
termination of the primary neutron by time-of-flight. In all other cases
the methods of relevance here demand the availability of monoenergetic
neutron sources .which are topically produced employing the hydrogen
reactions T(p,n) He, D(d,n) He and T(d,n) He. Fig. 5 shows the obtai-
nable neutron energy as function of ion energy and neutron emission an-
gle. If care is taken that no neutrons are produced in the target backing
'or beam stop then these neutrons are strictly monoenergetic in the hat-
ched areas. For higher ion energies break-up neutrons from the reactions
T(p,np)D, D(d,np)D, T(d,np)T and T(d,2n) He are complicating the mea-
surements. The absence of experimental data in the 6 to 12 MeV neutron
energy region is most often due to the small number of accelerators sui-
ted for neutron work and covering the needed ion energy range of 5 to 8
MeV. Break-up neutrons and neutrons from parasitic (d.n)-processes add
to the difficulties-.

DATA STATUS
The following remarks strictly disregard the 14 MeV range as this is

a different paper to be presented at this meeting |*22] . It refers to neu-
tron energy dependent data sets which may however include the 14 MeV
range. The bulk of 14 MeV results may help to clear up discrepancies bet-
ween such sets or allow renormalization.
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moderation I * ret [13]
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activation 0 ret [32]
O réf. [34]
o réf. [35]

Au(n,2n)

Au(n.3n)

EntMeV]
20

197,

30

Fig. 6.Available cross sections for the reaction i7 Au(n,xn) x = 2,3,4
obtained by moderating and capturing the neutrons in a big scintillator tank
f l3 , 31] or by activation [32,34,35].

1500-

1000-

1

500-

moderation

activation

* réf. [13]
« réf. [31]
0 réf. [32]
o réf. [33]
O réf. [36]

Nb(n,2n)

Nb(n,3n)

15 20
En [MeV]

25

93,Fig. 7.Available cross sections for the reaction 7JNb(n,xn) x = 2,3 obtai-
ned by moderating and capturing the neutrons in a big scintillator tank
f l3 ,3 l ] . Data obtained by activation f32,33,36]are the partial (n,2n)
cross section leading to the 10.5 days isomeric state of Nb.

(n,xn)-RESULTS

Cross sections integrated over the secondary neutron spectrum and
over the emission angles are obtained via the moderation method or via
activation. As example Figs. 6 and 7 show results for the monoisotopes
gold and niobium. Full signs refer to moderation f 13 , 31 ] , open signs re-
fer to activation [32 - 36] . Typical uncertainty for the results of both me-
thods is » +_ 7 %. The curves represent eye- guides through" the data to dis-
tinguish (n,2n), (n,3n) and(n,4n) results; for no means they should be taken
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50-1

l
b

25-

activation: • réf. [26,27]

15
En [MeV]

20

K>0—

+ Experimental Data

_ KEDAK Data

Fig. 8.Available cross sec-
tjpns for the reaction
65Cu(n,a) Co [26,27]. In
cases where only one data set
is available, a second mea-
surements should be encou-
raged.

Fig. 9,(n,a)-cross sections
available for the main iso-
topes of iron as compiled
in réf. [40] .

as an evaluation. For Au(n,2n) the scatter of results around 14 MeV ex-
ceeds the +_ 10 % level. For Nb(n,2n) the activation method is delivering
only the partial cross sectionforthe population of the 10.5 d isomeric sta-
te in Nb. Experimental information on angular-and energy-distributions
and correlations are completely missing. Even if one disregards the dis-
tinction between (n.n1), (n,2n) and (n,3n) and looks for double differential
emission cross sections similar to those which Hermsdorf et al. f37]
determined at 14. 6 MeV, one has to realize that above the (n,2n)-thres-
hold such experimental information is not existing. The recent work of
Drake et al. f38] on beryllium at 5.9, 10.1 and 14.2 MeV specifically car-
ried out for controlled fusion reactor applications, is more an exception
proving the rule.
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evaluation: réf.
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I
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En [MeV]

+ Experimental Data
ENDF/B-IV Data

Fig. 10. Results of a recent
evaluation [441 for the reac-
tion ^4Mg(n,p) 4Na.

Fig. 11. (n,p)-cross sections
available for the main isoto-
pes of iron as compiled in
réf. f40].

(n,a) + (n,na)-RESULTS

As has been shown above, the method of gas extraction is too insensi-
tive, and direct observation of the emitted ct-particles is difficult with res-
pect to intensity and background. At present our knowledge is entirely ba-
sed on results from the activation method. Existing excitation functions
have been recently compiled f39]. The best known of these excitation func-
tions is that for Al(n,a) which may reach an accurary of + 4 % and is used
even as standard for relative measurements. Very often only one set of
data is available as for example for °3Cu(n,a) [26,27] shown in Fig. 8.
This reaction is of importance not only for.cas production in copper, but
also for production of long living activity ( Co). In all such cases at least
one further measurement should confirm the presently available results.
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Fig. 9 has been taken from a contribution [40]to a recent specialists mee-
ting in which'neutron data of structural materials for fast fission reactor
were discussed. Fe(n,a) can be studied by the activation method and at
present data-are taken at Geel. Information for nickel and chromium are
not existing._(n, no.)-reactions have been studied only by activation for

V, Cu, Ga, Cs, I [41,42]andby charged particle detection in scin-
tillate r s (sample = detector) for Na [43] and K [4l].
(n,p) + (n,np)-RESULTS

All the general remarks made above for the (n,a) + (n.na)-results
are also valid here. Fig. 10 shows results of a recent evaluation on

Mg(n,p) f44] . Although we are dealing here with a well -studied reac-
tion, one finds back the 'data gap1 between 8 and 12 MeV, here manifested
by increased uncertainties. (n,p) data for the main isotopes of iron and
nickel are shown in Figs. 11 and 12. They stem again from réf. [40].
No da.ta are available for the chromium isotopes. Two discrepant data sets
for Ni(n,np) [45,46] exist and (n,np) results for all titanium isotopes
f47] obtained by activating enriched material.

Li(n,t)-RESULTS
6 4The reaction Li(n,t) He

below the 240 k'eV resonan-
ce is one of the few accepted
neutron cross section stan-
dards [48] . Therefore the
reaction ha s been studied very
intensively below 500 keV.
Data above this energy are
plotted in Fig. 13. The con-
fusion in the 1 to 4 MeV ran-
ge, which existed when the
low values of Clements and
Rickard [49] and the high va-
lues of Friesenhahn et al. [50]
were published, has been clea-
red up in the mean time by
new data published by several
groups [51-54,59-60]. Com-
pared to the importance for
the bre&ding ratio the data sta-
tus for Li(n,t) must be re-
garded as poor.

Fig. 12. (n.p)-cross sections
available for the main isotopes
of nickel as compiled in réf.
[40].

wo-

Ni
+ Experimental Data

— ENDF/B-IV Data

En (MeV)

20

New results may be expected from Harwell [20] where the tritium ex-
traction method is used. At Ohio university work is going on to determine
the angle integrated elastic and inelastic (478 keV) cross section [63]
which - together with the total cross section - allows to deduce the (n,t)
contribution.

CONCLUSIONS

The 14. 1 MeV neutron 'line' is in fact broadened by +_ 1 MeV. To cover
the full range of neutron energies in the original spectrum, data taking
should not stop at 14. 1 MeV but should extend to 15. 0 MeV

Concerning neutron data relevant for material damage, the neutron
energy range is governed by the intense neutron source applied. In case of
a Li(d,n) source neutrons with energies up to «* 40 MeV are produced. Data
above 20 MeV are very sparse.
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750-

500-

250-

15 205 10
E„ [MeV] ——»

Fig. 13. Available tritium production cross section for Li and. Li above
500 keV [49 - 62] . Work goes on to improve the situation for Li(n,n't)
T20.63].

Nearly all available methods to determine (n,2n), (n,3n), (n ,<x) , (n,p)
etc. cross sections demand the use of "monoenergetic" neutron sources.
However, there are no pure monoenergetic sources available for neu-
tron production in the 7. 7-12. 2 MeV range. This and the reduced interest
in energies above ** 8 MeV for the field of fast fission breeder reactors is
responsable for the typical data gap (8-12 MeV). Our knowledge on break-
up neutrons from T(p,n) and D(d,n) should be improved.

Nearly no experimental information on angular and energy distribu-
tion of neutrons from (n,2n) and (n,3n) processes exist. For many applica-
tions such distributions for the total neutron emission are sufficient. This
information can be obtained employing neutron TOF-spectrometers. Work
also above the (n,2n)-threshold should be encouraged.

With the exception of a few 14 MeV results (n,p), (n,np) and (n,ct)
and (n,na) cross sections are experimentally known only if the activation
method is applicable. This lack of knowledge on such gas production data
seem to be most serious.

The tritium production cross sections of Li is unsufficiently known.
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STATUS OP 14 MeV NEUTRON CROSS SECTION DATA AG-159/B6
J. CSIKAI Review Paper

Institute of Experimental Physics, Kossuth University,
Debrecen , Hungary

ABSTRACT. The review outlines the present status of total,
elastic, nonelastic and partial nonelastic [(n,xn), (n, charged),
(n,f), (n,T)] cross sections for 14 MeV neutrons. Systematics
in the data as well as the theoretical and semi-empirical approx-
imations are also discussed.

INTRODUCTION
4Recent studies on fusion reactors show that the D+T» He+n

reaction will probably be used to release the thermonuclear
energy in the D-T-Li fuel cycle. A lithium blanket around the
plasma is required for the tritium regeneration via the
7Li(n,n't)4He and 6Li(n,t)4He reactions. In the D+T fusion
about 8O % of the total energy is carried off by the 14 MeV
neutrons; therefore, the investigations on the interaction of
fast neutrons with structural materials are of primary impor-
tance for the design of the reactor. Because intense 14 MeV
neutron sources are not available at present for the enginee-
ring testing of the working conditions of fusion reactors,
neutron data are needed for the calculations of the tritium
breeding, radiation damage effects, radiation shielding, neutron
multiplication, isotope production, energy deposition in the
first wall and superconducting magnet, fission reaction and fis-
sile fuel breeding in the fusion-fission hybrid systems, etc.
[1,2,3].

The expected structural materials that will be used in
fusion reactors, along with their functions are summarized in
Table I [4]. This compilation shows that about one third of the
elements are considered in one form or another as structural
materials, so it is worthwile to survey the status of 14 MeV
neutron cross section data.

The majority of the recent fast neutron cross section data
has been determined for D+T neutrons in the interval of 13.5-15
MeV and similarly to the earlier measurements, in most cases
the activation method was used. Haight [26] has given a review
on the neutron data for incident energies between 1O and 4O
MeV. A plot of the number of cross section vs. atomic number of
the target shows that for differential elastic scattering and
neutron emission the data are very scanty in the interval of

For threshold reactions the cross section curves change
significantly around 14 MeV which may be a reason of the large
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spread in the data published by different authors. The neutron
energy depends on the emission angle especially in the case of
D+T reaction, if E,-2OO keV, the angular variation of energy
is AEn̂ 1.5 MeV, therefore the apparent cross section depends

Table I.
Materials that will be damaged during operation

in thermonuclear reactors

Material function Typical examples

Structural components of first
wall and blanket

Reflection, moderation
Neutron multiplication
Breeding

Radiation shielding
Electric insulation (especially
for pulsed reactors)
Optics for laser systems

Thermal insulation (for
superconducting magnets )
Superconduction stabilizing
materials
Superconduction magnet filaments
Magnet-support structure
(below 1O K)
Redox couple
Cryogenic refrigerant

Austenitic stainless steels
( Fe,Cr,Ni,Mn,Mo,Ti,c)
Nickel-based alloys: PE 16,
Inconel, Incoloy (Ni,Cr,
Mo,Nb,Fe,Si,Al,Mn,C,S,P,etc.)
Refractory metals (v,Nb,Mo
or alloys of those metals
with Ti,Zr or Cr)
Sintered aluminium product,
silicon carbide, graphite
Graphite, DZO
Be, BeO
Li, Li2O, Li2Al2O4, Li-Al,
LiP, BeF2
B, B.C, Pb austenitic steel
A10, MgO, Y0

Windows: Ge, alkali halides,
chalcogenides ( GaAs ,
CdSe)

Mirrors: AI, AI-7178, Al-Ni,
Be-Ni , Be-Cu

Mylar or other hydrocarbons

Cu, Al

NbTi, Nb3Sn, V3G
Austenitic steel

CeF3/CeF4
He

on the position and dimension of the samples.In order to obtain
comparable results for the observation of any trend in the data,
well defined energies are needed for the measurements. For nor-
malization, the angular interval from 93°-lO3° seems to be
acceptable in which the energy spread of neutrons does not
exceed a few ten keV, resulting in negligible errors in the
cross sections [5]. These data would serve as standard points
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for the cross section curve. The choice of standard reference
data has ajjreat importance; at 14 MeV the n-p elastic scatter-

27 93ing, the Al(n,a) and Nb(n,2n) cross sections are widely
93used. The advantage of Nb( n,2n) reaction is that its excita-

tion function is flat around 14 MeV. The cross section curve
for Al(n,ct) reaction has been determined by Vonach et al. [30]

235with an uncertainty of less than 1 %. The U(n,f) and
2 38U(n,f) processes are used as fission standard cross sections.

In this review the total, elastic, non-elastic, inelastic,
reaction, fission and capture cross section data for the
13SE Sl5 MeV interval are discussed, without making an effort
for the completeness. This interval covers the range of the
primary neutron spectrum to be expected from a D+T plasma of
temperature T=30 keV. Liskien [25] has pointed out that the
14.1 MeV line is strongly broadened and has a width of about
2 MeV if neutrons with at least 5 % of the maximum intensity
are included (see Fig. 1).

TOTAL NEUTRON CROSS SECTIONS
Among fast neutron data the total cross sections are the

most complete and accurate, so they give reliable information
on the average properties of nuclei. The GT values measured by
different authors are approximately consistent with the given
errors. Although there are some exceptions, on average the
inconsistency does not exceed 1 % . There are no data at 14 MeV
for the following elements: Ru, Rh, Po, At, Rn, Fr, Ra, Ac, Pa
and for most of the stable isotopes. The white neutron sources
based on cyclotrons, electron linacs and tandem generators have
been used in the last decade for the measurements of 6C(A,E)
(see Refs. in [26]). Some work on the determination of 6̂ , for
the isotopes of Ti, Ni, Cr, Cu, Zn, Ag, Cd, In, Sn, Sb, Te, Nd,
Sm and Gd elements has been done at 14.2 MeV by Dukarevich et
al. [7,8,9]. They found, in agreement with the prediction of
the "black nucleus" formula 6^ = 2n(R-+<f that for a given
element the cross section increase smoothly with increasing
atomic weight of its isotopes.

The 6I(A) data at Z = const, can be approximated by straight1 _2lines with an average slope of A6""a2.3«10 AA barn.
In our earlier investigation £63 it was found that the ra-

tio of 6T?xp/2n(R+?c) shows a sinusoidal form as a function of
1/3A ' and can be well described by the following empirical ex-
pression (dashed curve in Fig. 2):

ö*«p i /^= 1.021 - 0.104 cos(2.18 AX'J - 1.25) (1)

where R = r A1'3, rQ = 1.4 fm and K = 1.22 (A+D/A.
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The good fit of this empirical analitical formula to the
experimental data for A>27, independent of the fact that the
elements are monoisotopic of not, suggests that if any systema-
tic trend in GL, exists, its magnitude does not exceed a few
per cent and so eq.(l) can be used for the calculation of
unknown data. This conclusion is supported by the measurements
for the isotopic dependence of total cross sections [ 7 ], where
the relative change of Gl, for AA = 1, varies from Ni to Te in
the interval of O.8 to O.4 %. Expression (1) could be inter-
preted quantitatively by a semiclassical optical picture [1O,11]
with reasonable values of the nuclear radius parameter r ,
potential depth and surface thickness.

ELASTIC SCATTERING CROSS SECTIONS
Most of the elastic scattering cross sections <JLT haveC<Jb

been determined by measuring the energy of scattered neutrons.
Because of experimental difficulties (poor energy resolution,
background, incomplete knowledge of the energy dependence of the
neutron detection efficiency), integrated (51... data were deter-
mined from direct measurements only for 26 elements at 14 MeV.
Recently using neutron T.O.F system [35] in Bruyeres-le-Chatel
the angle-integrated elastic and inelastic cross sections, as
well as the angular distribution for elastic and inelastic
scattering from carbon were measured 136]. The angle-integrated
cross sections in the energy range from 8 to 14.5 MeV show
significant disagreements with the ENDF/B-III. and -IV. evalua-
tions based on the very scarce data. The new differential elastic
cross sections for Be at 14.2 MeV measured in LASL [37] are in
good agreement with the ENDF/B-IV. evaluation. A number of (5^,
were derived by subtracting the measured nonelastic Ŝ ._ from
the total cross sections QT*L = 6~T - <5̂ E. In Fig. 3 the 14 MeV
(J1T data divided by their "black-nucleus" values are plotted1/3as a function of A ' . The dashed curve shows the result of
calculations using the semiclassical model with the same para-
meter values as determined from the total cross sections,
unknown o"EL values for Ael5 may be calculated with the simple
analytical expression

O T̂ = n(r A1/3 +*r)2 [1.03-0.208 cos(2.18 A1/3 - 1.25)] (2)EL O
Eq. (2) is very useful in normalizing angular distributions.
The integrated S1L and differential <5"_L(AH elastic scattering
cross sections can be reproduced within a few per cent by the
nuclear optical models [13]: however, these models need a num-
ber of adjustable parameters depending on energy and/or mass
number and the calculations require at least medium-sized
computers.
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As there are no measurements for the differential elastic
scattering cross sections of about 3O % of the elements, while
for the remaining nuclei significant deviations are present in
the shapes and absolute values of the &L. (/$) function, any
conclusion concerning the potential form and the values of the
parameters rather uncertain. It was shown that the semiclassical
model can be used to describe not only total and integrated
elastic but also differential elastic and nonelastic neutron
cross sections in a wide range of mass numbers, using the same
parameter sets for each nucleus.

The mass number dependence of (yi„G$) at 14 MeV is:

= C|) [1.03-0.208 cos(2.18 A1/3 - 1.25)]«
(3)

^ l(2H-l)P.
l=o L

r (A) AJ
where 1 = ——-^———. Figure show experimental and calcula-max -K eg 2O9ted elastic scattering cross sections for Fe and Bi. Norma-
lizing constants were not used. The dashed line shows the sum
of the shape elastic scattering and a constant background of
1O mb/sr. Using Eq. (3) the forward peaks are fairly well
reproduced in a wide range of mass numbers both in form and in
absolute values, while there are deviations at some of the remaining
peaks especially for the heavy nuclei. It should be noted howe-
ver, that no free parameters were used in the calculations.

Pearlstein [14] has also given a simple method for the
calculation of differential elastic scattering cross sections
of 14 MeV neutrons, using a Bessel function expansion as sugges-
ted by the diffraction model. The Ĉ L09l values can be estima-
ted for 12SA£238 mass numbers.

NONELASTIC CROSS SECTIONS

The neutron nonelastic cross section o"̂ g is equal to that
of the (%, - Ŝ T . The components of <3T._ are inelastic scattering?
capture, reactions and fission. At 14 MeV the main processes
are: (n,n'f), (n,2n), (n,p), (n,d), (n,o) and (n,f). The cross
sections for (n,t), (n, He), (n,r) and for charged particle
emission following inelastic neutron scattering are very low
except for light nuclei. The determination of the nonelastic
cross section can be performed directly using the sphere trans-
mission method or indirectly either by summing the reaction cross
sections or by measuring (5"T and (51., . Using a more complete data
set for (T-, 6TLT and <J1TO at 14 MeV the reduced <n«. values arel Etj-t JN£* |>| rfplotted in Fig. 5 as a function of mass number. It can be seen
that there are no data for about half the elements; the existing
data, however, show a decrease with increasing mass number A
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which means that r is A-dependent. Since JL970 no new data have
been published for (TUj.. The nonelastic cross sections can be
calculated by the expression[WD,11]

GL, = n[r (A).A1/3 + *r]2(l-f?) (4)

where at 14 MeV rQ(A) = 1.21 + -̂ yj - -jj fm, and f>= O.1O4
from eq.(l). A A

The energy dependence of (?"„„ around 14 MeV is smooth and
no additional tendency, e.g. isotopic effect can be observed
in the data within their relatively high limits of errors.

The semiclassical optical model is capable to describe the
Oj,, <%,, 6̂ L(/S* and <5̂ . data above 1O MeV for 14SAS238 in-
terval. The cross sections are given as closed analytical ex-
pressions of the optical parameters; this renders possible both
the quick estimates of unmeasured cross sections and the analyti-
cal operations.

Considering the fact that the total, elastic and nonelastic
cross sections at 14 MeV can be well described both by exact or
simplified optical models and by empirical expressions with an
accuracy of 1-2 %, further accurate measurements are needed first
of all for the &„- (/v*) function at which the agreements rather

JCiJ-i
poor.

PARTIAL NONELASTIC CROSS SECTIONS

The techniques used for the determination of reaction cross
sections can be divided into three groups, namely activation,
accumulation and spectrum methods. The latter is rather diffi-
cult because it needs the measurement of the spectrum and angu-
lar distribution of emitted particles in a high background.
Recently a charged-particle magnetic-quadrupole spectrometer has
been constructed for H and He to increase the solid angle at
large source-to-defcector separation and to suppress the back-
ground caused by other charged particles [23]. The improvement
in the spectrum methods for the emitted charged particles and
neutrons has been surveyed by Qaim [15,24]. The accumulation
method is simple because only the emitted particles should be
collected. In the case of fission, the fragments are storaged
by a track detector, while for (n,o) and (n,p) reactions the
accumulated He and H gases can be measured by gas mass spectro-
meter [18]. The relative emission of He and He is being in-
vestigated by Qaim et al. [19] at Julien using quadrupole mass
spectrometer. In the case of (n,t) reactions, the accumulated
tritium can be separated by vacuum extraction or oxidization
techniques and measured through its beta decay [2O,21], This
method is applicable for other radioactive gaseous products,
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e.g. the 37A content produced in Ca(n,a) and K(n,t) [22]
reactions was measured by its soft radiation.

Recently the activation technique has been improved [15]
by application of separated isotopes as targets, quick radio-
chemical separations and high-resolution counting systems
(Ge(Li), HPGe, Si(Li), etc.). 14 MeV neutrons can give rise
to about 18OO reactions on the 29O stable or long half-life
isotopes leading to radioactive residual nuclei. In this number
the reactions (n,p), (n,o), (n,2n), (n,3n), (n,ir), (n,np),
(n,d), (n,nct), (n, He), (n,t), (n,nt) and (n,n'*r) were taken
into account. These reactions give rise to about 60O different
radioactive isotopes, i.e. a given isotope on the average can
arise from three different interfering reactions. The number

238of known fission products in U(n.,.,f) is about 45O, from
which 363 has a cumulative yield higher than 0.1 %, with half-

—1 9lives ranging from 1O to 10 s. There are a few compilations
and surveys of the available 14 MeV neutron reaction and fission
cross sections based on recent publications [15,42,43,44,45,46,
47,48,49,50] which were used in this review.

In spite of the simplicity of measuring activation cross
sections, there are considerable disagreements between publis-
hed data; therefore, more accurate trends can be revealed from
the data measured by the same author because of the higher
relative accuracy. The activation cross sections for (n,2n),
(n,p) and (n,ct) reactions vs. target proton number Z at 14 MeV
are plotted in Figs. 6 a-e, 7 a-e, 8 a-d, respectively. The
deadline date for the literature survey for points was 1969,
while the crosses represent the modern data. In these Figures
the target mass numbers and the half-lives (<ly) of the resid-
ual nuclei (in parenthesis) are indicated above the experimental
points. The numbers shown above the question marks denote the
mass numbers of those nuclides for which data are not available.
As in most cases the differences between the data relating to
the same nuclide considerable exceed the errors given in the
references, the error limits are not indicated. As it can be
seen the spread is significant in the modern data, too. The main
sources of errors are as follows: interfering reactions caused
by impurities in the samples; half-life data; abundance of the
radiation detected; converting counting into disintegration
rate; efficiency of the separation technique; absolute neutron
flux and its variation in time; energy and energy spread of
neutrons; cross section of monitor reaction; escape of residual
nuclei by nuclear recoil or diffusion. A few among these
sources can be eliminated by using the arrangement given in Fig.

2389 for irradiation. The fission on depleted ü layer can serve
as flux monitor and standard cross section. The accuracy of the
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measurement of differential cross sections for threshold reactions
has been discussed in detail by Smith [17].

(n,n') and (n,2n) cross sections
The ratios of 6^ 2n and ^~KE values plotted against the

target neutron number at 14 MeV show that the (n,2n) cross
sections give about 8O % of o"!—, above N=6O; therefore, by the
study of the (n,2n) reaction one can get information on those
properties of nuclei which are dominant in nuclear reactions.

According to a recent survey by Body [27] (n,2n) cross
sections have been measured at 14 MeV for about 3O % of the
stable nuclei. The observed N-Z dependence in the (n,2n) cross
sections [28] provides, a possibility to estimate unknown values
for isotopes and elements. On the basis of measured and esti-
mated data, recommended values of (n,2n) cross sections at
14.7 MeV were given for 114 nuclides from experimental data,
for 137 nuclides from N-Z systematics and for 71 elements from
the averaging of <J" 0_ over isotopic abundances [29].n f AH

In addition to the activation technique a new method
based on pulsed sources and a large liquid scintillator to
detect neutrons [31] is used for the measurement of ff~ -_ [32],n / ̂ n
Prehaut et al. [32] obtained higher (T 0„ values for heavyn, ̂n
nuclei than those measured by activation method. Using this
scintillator-tank method the öl o„ values obtained byn f ̂n
Veeser et al. [34] at 14 MeV for a number of nuclides are in
good agreement with our recommended values, except for Rh.
The (n,2n) cross sections for elements have been measured for
PRT-structural materials in LASL by spectrometric method [41].
Results at 14.7 MeV are in good agreement with the recommended
values [29] except for Ti at which the deviation is about
SO %. There is however considerable spread among existing
old and new (n,2n) data in the 13 to 15 MeV region determined
by the activation method. The discrepancies are attributed to
the accepted decay schemes and insufficient energy resolution
of the detectors in the past [33],

The plot of (n,2n) cross sections (Figs. 6a-e) enables
the following rough trends to be established: a) In the mass
number region 19<A<4O the cross section decreases from SO mb
to 4-5 mb, b) at A~48 it rises rapidly to -1OOO mb and shows
a trend of increasing slowly up to a maximum value of ~22OO mb
for the heaviest nuclei, c) in the region 48<A<1OO strong local
fluctuations exist. The trends in (n,2n) reaction cross sections
have been investigated by several authors [39] and both isotopic
and isotonic as well as odd-even effects have been observed.

Taking into account the differences of (j:.™ and 6"" Or% asNUI n, ̂n
well as the values of partial cross sections at 14 MeV, for
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6~ _, in average a few hundred mb can be expected. So, in firstn f ri
approximation for AälOO, <5I,„ -GT + QT arotmd 14 MeV,we* n,^n n,n
i.e. the difference ttm - (\~ * is due to the inelasticwü vn,4n
scattering and the same trends in opposite direction should
appear in ff~ , as in fi~ , . Very few data are available forn f n ^Ti f Ä n
the total inelastic scattering cross sections because the direct
measurements by the angle-integrated neutron spectra are diffi-
cult. Using the simple activation method a lower limit for
(5_ , process can be given for nuclei that have low-lying
isomeric states.. According to the few data available, the
ffni values lie in the interval of 1OO to 6OO mb. As
6^, = (T'j.r + (T̂ f i from the calculation of isomeric cross
section ratio in the knowledge of <ym» the value of <5"g, can
be estimated. Another way is to measure the neutron emission
cross section (7~ „:nM

^nM ~ n,n' n̂,2n n,n charged.

At 14 Mev <5~ charaed can :Ln most cases ̂ e neglected or in
some sases can be measured by activation method. Systematic
measurements were carried out in Dresden for <5~„ 138]. It isnn
assumed that in the case of vibrational even-even nuclei
following inelastic scattering, the excited states decay .
through the 2.. state, and so by measuring the number of gammas
from the 2.*0*transitions the total inelastic saccering cross
section can be determined. Koopman [55] has given the results
for 6"L _,(2t*O+)in comparison with that obtained fromn f n x
<5l„, - Z <5". , ,. The agreements between the data are satis-JNt ifn,n ,,_ ,, e-
factory except for Cd and Cd.

Several semi-empirical and empirical formulae are availab-
le for the estimation of (5~ ~ at 14 MeV [39], among these,ii f ̂ n
the expression given by Pearlstein [40] shows the best
approximation [29]. Kumabe [66] calculated (n,2n) cross sections
at 14.7 MeV in the region of rare-earths taking into account
both statistical and precompound effects. His results show
good agreement with Qaim's experimental values [67], The
excitation function of (n,2n) reactions can be well described
by the Hauser-Fesbach model [51] : above the (n,3n) threshold,
however, the preequilibrium contribution is also present [34].
For the analysis of neutron emission spectra from 14 MeV neutron
reactions, Pearlstein (.52] has used the nuclear model code ALICE,
developed by Blann [53] and a global set of input nuclear
constants. Over 70 % of the cases the calculated spectra can be
fit to within 3O % of experimental values in the range Na to Bi.
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(n,p) and (n,a) cross sections

The plot of (n,p) cross sections vs. proton number of the
target nucleus (Figs. 7a-e) shows an increasing trend up to
Z~16, from 6" S1O mb to ~30O mb. In the region 16aZ£24 anfP _broad maximum can be observed, then o gradually decreasesn,p
to 2-3 mb for the heaviest elements. The (T values (Figs.w f a
8a-d) generally decreases from -100 mb to ~1 mb from the ligh-
test nuclei to the heaviest elements. Two definite maximum can
be seen, one in the region from Na to Cl( <5~ slOO mb), then g et
other in the rare earth region ( <J~ -100 mb). At N=50 then,oc
6~ data are considerably higher than for the neighbouringn f o.
nuclides. Gardner and Yu-Wen [69] have given a relationship
for the isotopic dependence of 6~

II f Cf.

The (n,p),(n,a) as well as the hydrogen and helium
producing cross sections for FRT-related structural materials
were measured for a number of nuclei during the last years
[56-63], Molla and Qaim [56] have determined the O~ datan,p
at 14.7 MeV for 48 nuclides of 19 elements using the activation
method. In the cross sections from the systematic measurements
and from the evaluation of literature data they found a strong
dependence on (N-Z)/A in the case of medium and heavy nuclei
supporting the prediction of an earlier formula given by
Levkovskii [65] for the interval 12ä A5150:

6- = 45.2U1'3 + I)2 e-33(N-Z)/Amb. (5)n,p
The (N-Z)/A dependence of G~ and <jT is confirmed by recentn,p n, a
data indicated in Fig. 1O [49].

Haight et al. [58,60,62] have used a Magnetic Quadrupole
Spectrometer (MQS) [64] for the measurement of the spectra of
proton and alpha particles from 14 MeV neutron induced reacti-
ons. The aareement between the results obtained at Livermore
by MQS and Jülich by activation for 48Ti, 58Ni and 65Cu is
satisfactory. Fig. 11 shows a typical angle-averaged proton
spectrum from Ti.

It was shown by Qaim and Stöcklin [72] that the contribu-
tion of (n,np) and (n,na) reactions to the production of
hydrogen and helium at 14 MeV are not negligible. The limited
number of data shows, as a gross trend, the (N?Z)/A dependence
[15]; however, further measurements are needed to abserve any
fine structure and to understand the reaction mechanisms.

Reaction mechanisms in fast neutron induced reactions have
been discussed in detail by Cindro [68], The compound nucleus
emission is able to account for the 6" in the regionn, ot
2OSAS8O, while for the explanation of the alpha emission from
heavy nuclei both preequilibrium and direct effects should be
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taken into account. The fine structure in the angle integrated
alpha spectra was described by dispersion theory [70]. The
excitation functions of (nfp) and (n,o) reactions can be
satisfatorily described [51] by the Hauser-Feshbach model
(see e.g. Figs. 12 and 13'). Pearlstein [71] has given an
empirical model based on statistical theory to calculate
reaction cross section curves for medium ass nuclei. He
obtained fair agreement between calculated and measured (n,2n),
(n,a) and (n,p) cross sections at 14 MeV.

(n,t) and (n, He) cross sections
The study of (n,t) and (n. He) reactions may add to our

understanding of the emission of the three-nucleon structures
3H, 3He and to obtain important data for the tritium and helium
concentration build up in fission teactors and thermonuclear
devices.

The cross sect tons for (n,t) and (n,3He) reactions at
14 MeV have been recently investigated by the activation and
tritium beta counting techniques mainly at Jülich [73],
Debrecen [21,51] and Zagreb [74].

Values of (n, He) reaction cross sections measured in
Zagreb [74] are much higher than those (-1-100 nb) obtained
in Jülich and Debrecen. Qaim [15] has given the following
empirical formula to predict the unknown data for medium and
heavy nuclei:

G£f3He = 0.54 (A1/3 + l)2exp[-10(N-Z)/A] (ub) (6)
The same formula is valid for <5~n t, but the constant factor
is 4.52 instead of O.54 [15].

The (n,t) cross sections for very light nuclei are
relatively large (~1OO mb), while for medium and heavy nuclei
they lie in the ~10-1OO wb region. Extensive investigations were
.carried out for the determination of tritium production rates in
the model Li blanket [3], and also for Li isotopes [42].

Qaim and Stöcklin [73] found that a maximum appears in the
QT . values at Z=26, and an (N-Z)/A dependence exits for Z>22.n,t
According to our earlier results, a strong decreasing tendency
with increasing atomic number can be found in GT data, onn,t
which deviations arising from individual properties of nuclei
are superimposed [21]. The Hauser-Feshbach model calculation can
reproduce both the shape and the magnitude of (n,t) excitation
functions [51]. As can be seen in Fig. 14 the cross section
curves change significantly around 14 MeV especially for even
nuclei; this may be a reason of the large spread in the litera-
ture data. Similarly to Qaim's observation we also found the
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dependence for odd target nuclei, but the (5~ . data aren, thigher than for even nuclei by one order of magnitude. For even
nuclei the triton energy is less with about 2 MeV than that for
Odd ones, which may be a reason of the separation of the cross
sections in Fig. 15. This means that the formula given by Qaim
'[15] for the calculation of 61 4. values should be completed withn,T-
an additional term containing the odd-even effects. Further
measurements are needed to clear up the systematics in the data.

(n,f) cross sections
For the determination of (n,T> cross sections at 14 MeV

two methods are used: the activation technique (T andclC umeasurements of prompt gamma ray spectra 6". .. The 6"
values from earlier measurements were higher by a factor of
ten than <5 n̂t» because of the presence of scattered neutrons.
The measurements for <5̂ ct have been repeated with improved
methods, eliminating the effects of secondary neutrons, and
good agreement was found between 6~ . and (?7 . . Results indi-act intcated in Fig. 16 [75] show that 6" is ~1 mb in a wide rangen,rof mass number, and that data are scanty especially for light
nuclei. The A dependence of the cross section is in qualitative
agreement with the expectation of the direct-semidirect model
[75]. The magnitude of the r-ray cascade through unbound levels
could be determined from the difference of 6~ *. - 6~. >_, whichact int
requires further precise activation (n,Y) measurements.

(n,xic) cross sections
During the last years there have been measurements at 14

MeV for neutron induced gamma-ray production cross sections
and spectra. In such experiments pulsed beam and T.O.F method
are used and the time spectrum of gammas is detected by
plastic or Nal(Tl) scintillators. Gamma-ray production cross
sections were measured at 14.2 MeV by Drake et al. [76] for 20
samples ranging from Be to Pu, including elements that are of
interest for CTR program. Cox et al. [77,78] have measured the
gamma rays associated with scattering of 14 MeV neutrons in
extended samples of possible fusion reactor materials. Fig. 17
shows a typical example for the shape of a spectrum measured

27for Al [26 ]. The discrepancies in the results indicate the
difficulties of such measurements. It would be important to
obtain data for standard C~ values and spectrum at 14 MeVn, XT
neutron energy.

Fission by 14 neutrons
ooo 91^ 97ftFast neutron fission cross sections for U, U, U

239and Pu have been reviewed in detail by Poenitz and Guenther
[79], and Lapenas [48], The deviations in <JI - values measuredn,r
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by different authors around 14 MeV are related to the energy
dependence of the fission cross section near the (n,2nf) threshold
as the bombarding energy is not always well defined. At 14 MeV
the change in <T - is especially marked for U, while for
239 'J*Pu it is negligible.

Most recently, Cance and Grenier [80] measured the absolute
235 239neutron fission cross sections of U and Pu around 14 MeV.

In disagreement with earlier observations no significant energy
235dependence was found for U in the interval 13.9 to 14.6 MeV

239and the results for Pu are 12 % lower than the old data.
Further measurements are needed around 14 MeV with good energy
resolution to solve the questions.

As for the fission yields at 14 MeV, data for 234'236u and
Pu are incomplete and it is necessary to extend the measure-

ments over the 231Pa, 236'237Np and 242'244Pu isotopes. More
accurate data are needed for the wings and valleys of the mass
distributions .

In order to study the fine structures, the present 5-10 %
errors in the determination of yields in the peaks should be
reduced as low as 2-3 %. In the case of independent yields the

919data are not sufficient even for "*Th, « • » « f u and
which makes the conclusion on the charge distribution, polariza-
tion and dispersion, as well as on odd-even effects rather
uncertain at 14 MeV [81]. The present status of fission yield
data have been surveyed by Cuninghame [82].
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FIG. 2. 14 MeV neutron
total cross sections "
divided by 2n(R +*J ,,
as a function of A '
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FIG. 9. Arrangement for irra-
diation around 14 MeV
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Data for charged particle reactions with AG-159/B7
heavier nuclides Review Paper

H. Münzel
Technical University Darmstadt and
Nuclear Research Center Karlsruhe

Federal Republic of Germany

Abstract: For charged particle induced nuclear reactions
about 1OOO papers are published each year dealing with all
kinds of target nuclides, projectiles, reaction types and
quantities measured. This review gives a short summary about
the availability of
- bibliographies, with which one can find out if and where the
data of interest are published,

- compilations and evaluations of data, and
- systematics of quantities, like excitation functions for
nuclear reactions.

1. Introduction

All concept of fusion reactors depend ultimately on our know-
ledge about the interaction of the Hydrogen isotopes with each
other as well as with the isotopes of Lithium. Accordingly, in
the past the attention was focused on the data concerning these
nuclear reactions. Therefore it was decided that this topic
should not be included in this summary and to concentrate in-
stead on the data for charged particle induced nuclear reac-
tions with target nuclides heavier than Lithium.

The hot plasma in the fusion reactor will not only react with
the very light isotopes but with all nuclides present as im-
purities or as part of the structural materials. For these
reactions, like scattering or fusion, data are needed for projec-
tile energies up to about 1OO keV. In addition secondary reac-
tions induced by emitted or recoiling protons or a-particles
may occur. The energy of these charged projectiles is in gene-
ral in the region of several MeV. Of interest are data for all
kinds of reactions, e.g. elastic and inelastic scattering, for-
mation cross sections for the end products, etc.
There is now a very large number of investigations dealing with
charged particle induced nuclear reactions available. They
cover the interactions of all kinds of projectiles with many
different target nuclides, including the light as well as the
very heaviest ones, deal with all types of reactions and pro-
vide data for many different quantities measured. In the last
decade more than 1000 new publications containing Charged Par-
ticle Nuclear reactions Data (CPND) appear each year. Even for
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a given reaction type the number of reactions for projectile
energies up to 2O MeV investigated annually is quite large as
can be seen from the following list:

reaction
type
(P/Y)
(P,n)
(P/P)
<P,P')
(p/ct)

approx . number
of annual publ .

70
90
10O
110
4O

reaction
type
(a,n)
(a/P)

(a, a' )+(a,a)

approx . number
of annual publ.

50
45
70

In the last years many experimentalists got interested in heavy
ion reactions due the availability of new accelerators. However,
the majority of investigations is still concerned with the le-
vel structure of the residual nuclides. For this purpose the
angular distributions of the emitted particles and/or j-rays
were measured. Only few percent of the publications deal with
total formation cross reactions or thick target yields for the
end product. Of course, such Integral Charged Particle
Nuclear reactions Data (ICPND) could in some cases be obtained
from the published differential data, like angular or particle
energy distributions, by integrations. However, this is a very
tedious and time consuming task.

The above mentioned numbers of publications appearing each year
lead in general to the misinterpretation that now all CPND of
interest are available. It should be emphasized that this is
not the case. This is simply due to the large number of possi-
ble projectile-target-end product combinations, the wide range
of projectile energies available and the many aspects of the
reactions which may be investigated. In many cases one has
therefore still to rely on calculated or estimated values.

The first problem one encounters when dealing with charged
particle reactions is to find out, if and where experimental
values for the data of interest are published. In the second
chapter of this review the available bibliographies will be
discussed. In the next chapter the compilations of experimen-
tal results are described. Chapter 4 contains a short summary
about critical evaluations and recommended values. A brief
discussion about calculated or estimated CPND follows in Chap-
ter 5. In view of the large number of new publications getting
available each year it is not possible to give in a short
review a comprehensive survey about the situation of all kinds
of investigated quantities. However, as an example a summary
about what is available and what one should expect for ICPND-
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excitation functions of some low energy reactions is given in
Chapter 6.

2. Bibliography

There are several bibliographic services available providing
references for publications dealing with charged particle in-
duced nuclear reactions (CPND). The most extensive compilation
of CPND-references was prepared by McGowan and collaborators
(1). They scanned many journals, thirty of them are explicitly
stated. In this 'McGowan bibliography1 (MGB) an entry is made
for every reaction for which experimental data are given in a
publication. In the last years references to theoretical in-
vestigations were also included. Each entry states besides the

ireaction, the projectile energy range and the referenpe,also
some additional information about the kind of data available
in the publication. In some cases the measured values for
cross sections or thick target yields are included directly.
The entries are ordered according to target nucleus, projec-
tile and product nucleus.

The McGowan bibliography provides references to all kinds of
nuclear reaction data, e.g. excitation functions, angular
distributions, total reaction cross sections, Coulomb excita-
tion etc. The bibliography is therefore quite large, it con-
sists now of a comprehensive volume and 4 annual addenda
covering the literature up to the end of 1976. It was decided
at that time to discontinue this bibliography in order to
avoid duplication of work because the literature is also
scanned by the Nuclear Data Project.

The bibliography provided by the Nuclear Data Project (NDP/B)
is published three times a year as 'Recent References' (2) to-
gether with references to nuclear structure and decay data. The
entries give information about the reaction and the type of
data available. They are ordered in the first part according to
product nucleus and in the second part according to reaction
type. Again all types of CPND are included in this bibliography.
In addition to journals many reports and conference abstracts
are also scanned providing also in this way a wider coverage as
the MGB. Therefore, the NDP-Bibliography is much larger, but
due to the clear arrangement of the entries an unambiguous
search for a given reaction is possible. For the convenience
of the users cumulative volumes for the 'Recent References' are
published, the first one covering the time from 1969 - 1974 (3)
and the second one from 1975 - 1977 (4).
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References to CPND can also be obtained from other bibliogra-
phic services. Up to 1977 the Nuclear Science Abstracts (5)
covered the literature including Reports. Since 1977 this ac-
tivity was incorporated in the international Nuclear jtnforma-
tion S_ystem (INIS) existing since about 1970, which stores the
bibliography and the abstracts of the publications on magnetic
tape. Therefore, retrievals with respect to a set of keywords
describing the data of interest are now possible. In addition
a printed version of this file is also available (6). However,
because the scope of these bibliographies is very wide and the
Thesaurus can contain only a limited number of keywords such
retrievals yield in general many more references as relevant
for the problem. If on the other side one tries to decrease
the number of excess references then the probability for mis-
sing information will increase very rapidly.

The just mentioned problem applies also for the MGB as well as
for the NBP/B, but due to the narrow scope of these biblio-
graphies in a much less stringent way. However, this disad-
vantage could still be reduced if for certain user groups sub-
sets of the bibliography would be provided, because then the
keywords might be better- adjusted to their needs. One such
group can be identified with those scientists who would like to
know, for instance, how much activity is formed in the target
under given irradiation conditions. For this purpose the exci-
tation functions, i.e. the dependence of the cross section or
the thick target yields on the projectile energy, have to be
known. Therefore, the National Nuclear Data Center (7) publi-
shes now every year a comprehensive reference list for such
integral data (ICPND). This bibliography includes also
references to the Karlsruhe Charged particle Reaction Data
Compilation (see below), if the respective data are available
there.

3. Compilation

The bibliographies provide mainly references to publications
which might be relevant for the data of interest. In general
one therefore has to look up the original literature to obtain
the information and the values needed. This search can be done
in a reasonable time if the literature is readily available and
if the publication contain the data of interest in an easy
accessible form. Unfortunately, especially the second require-
ment is not very often fulfilled. Even more difficulties will
araise in such cases were no experimentally determined values
are available for the data wanted. Then one has to look up many
more reactions to enable an estimate of the data by inter- or
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extrapolation. Therefore, comprehensive compilations of CPND
would be very helpful.

Jarmie and Seagrave (8) prepared the first large compilation of
excitation functions for charged particle induced reactions,
covering target nuclides with proton numbers Z up to 19
(= Fluor). Smith (9) compiled excitation functions for target
nuclides ranging from Z = 2O (Ne) up to Z = 24 (Cr). McGowan
and collaborators continued these activities and published
from 1964 till 1967 compilations for reactions with Mn, Fe,
Co(tO), Ni, Cu(t1), Li, Be, B (12), C (13) and 0, N (14) . In
these compilations the data are given in a table as well as in
a diagram. In addition some information about the reaction and
the experimental conditions are mentioned. All kind of reaction
data are included, like angular distributions. Therefore the
compilations are quite large, for instance the carbon colume
contains 241 pages. Since 1967 no extension of this very valu-
able work was published although McGowan et al. (15) did con-
tinue for some years to collect data on magnetic tape.

Kunz and Schintlmeister (16) prepared also a compilation of
CPND for target elements from H (Z =1) to Sulfur (Z = 16)
covering the time up to 1967.

Since 1967 no comprehensive compilation for scattering data was
published any more even not for a restricted set of target
nuclei. This is mainly due to the increasing number of publi-
cations for which a very large group of scientists would be
needed to compile all the data. In addition it is quite diffi-
cult to obtain for all reactions the data determined because,
for instance, for angular distributions normally only repre-
sentative curves in small pictures are published. To obtain
the full data set a lengthy correspondence with the authors is
necessary. Especially if the publication is already several
years old many authors are not very cooperative. In such cases
one can try to reconstruct the angular distribution with the
optical model parameters given in the publication. There is an
extensive compilation for these parameter sets available (17).

For some subsets of CPND the situation is better. For example,
tl
3t
the neutron production probabilities for the d+d-, H+p- and
H+d-reaction are summarized by Liskien et al. (18) and total
reaction cross sections are given by Nemets (19). For ICPND
there are now several compilations available. Lorenzen did
collect excitation functions mainly for light target nuclides
with low energy projectiles (2O), which are of interest for
activation analysis. Tobailem and Lassus St-Genies did also
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publish compilations covering many monitor reactions (21) as
well as reactions of p,d and a with F, Ne, Na, Mg (22) and Fe
(23). These volumes give not only the excitation functions but
also additional information about the data used for evaluating
the measured values. For high energy reactions cross section
compilations were prepared by Bruninx (24) and Silberberg et al. (25)

Münzel and collaborators became interested in the systematics
of the excitation functions for radionuclides formed in
charged particle induced reactions. They collected therefore
cross sections for the formation of ground and metastable
states of the end product. These integral charged particle
nuclear data (ICPND) were published preliminary in a Report
(26) and latei? in an extended version containing about 18OO
excitation functions (27). The excitation functions are given
as smooth curves and no individual cross sections are shown.
In general, the curves were obtained by reading off values
from the curve drawn by the authors of the publications. The
ordinate gives the cross sections and the abscissa the dif-
ference between projectile energy and threshold energy.

To obtain projectile energies from values read off one there-
fore has to add the threshold energies given elsewhere in the
compilation or which can be obtained from extensive Q-value
tables (28, 29). Nevertheless this scale was chosen because
it offers two important advantages:

1) Large deviations between the excitation functions indicate
the possibility that one of them may be in error. This
assumption is based on the similarity of excitation func-
tions for the same reaction type within a limited range of
the nucléon number A and proton number Z of the target
nuclides. If there are no special reasons, like a relative
large neutron excess or deficit of the target nucleus,
then one should check carefully, if for instance wrong
decay data were used for evaluating the cross sections.
For such comparisons the systematics (see below) may also
prove to be very helpful.

2) Quite often no experimental values for the excitation
function of interest will be available in the literature.
Then with the curves given for other reactions an estimate
can be made by inter- or extrapolation. Again one makes use
of the above mentioned similarity.

In Chapter 6 an example for the practical application of these
advantages will be discussed.
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Although this compilation contains, as already mentioned, more
than 18OO excitation functions not all available data are in-
cluded. So, for lighter projectiles only an energy range up to
150 MeV was taken into account. Individual cross sections are
also not included because the authors were mainly interested
in the systematics of the excitation functions. Other draw-
backs of the above mentioned ICPND compilation are that no
numerical values and no additional informations are given
about the reaction, the experimental conditions, the data used
in the evaluation of the measured values and the uncertainties
of the cross sections. These drawbacks are now avoided in the
Karlsruhe Charged Particle Reaction Data Compilation (3O).
The information about ICPND is stored on magnetic tape in the
generalized EXFOR-Format (31). Therefore retrievals with res-
pect to most of the information on the tape are possible.
Copies of the master file are sent regularly to 5 Data Cen-
ters (32) which are prepared to provide retrievals on request.
A printed version of this compilation is now in preparation
and should be available in spring 1979. It will consist of a
collection of loose pages. Up to now preferentally proton
reactions with medium heavy nuclides were compiled. However,
in the future new publication will be considered with highest
priority.

4. Critical evaluation

There is no doubt that the evaluation of recommended data is
a very important task. However, the difficulties start already
with the collection of the data because not only the cross
sections a have to be known but also the values used in calcu-
lating a from the measured quantities, like y-spectra. Unfor-
tunately, quite often one or more of these additional values
are missing or are at least not precisely stated in the publi-
cation. The subsequent comparison with the now available "best"
values for monitor cross sections, decay data, and so on,
again is time consuming because quite often one first has to
evaluate these "best" values itself. In addition excitation
functions for a given reaction were determined experimentally
only in few cases two or more times. As a consequence, there
are in general not enough experimental data for any kind of
averaging procedure to obtain recommended values. Therefore,
in these cases the only possibility to check the experimental
data is to compare them with the excitation functions obtained
from the systematics.

Due to the difficulties mentioned no comprehensive evaluation
of recommended CPND is available. Even for ICPND such evalu-
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ated excitation functions are published only for few reactions
used mainly for flux determinations (21, 22, 23, 33). The
Karlsruhe Charged Particle Reaction Data Compilation contains
now all the necessary data for such evaluations, if they are
given in the publication. Therefore it should be easier in the
future to obtain recommended values for important ICPND.

5. Systematics

Despite the large number of published experimental results one
has - as already mentioned - quite often to rely on calculated
or estimated values for the data of interest. Therefore it is
very important to develop such estimation procedures and test
the reliability of the results.

In many publications experimental results are compared with
calculated values. The agreement found is quite often remar-
kably good. Therefore such calculations should provide a
means for obtaining the data of interest. However the reliabi-
lity of the calculated values is rather uncertain. An ana-
lysis based on a large body of data is available only for
ICPND (34) . For the calculations one of the following models
can be applied and within a given model many different assump-
tions and approximations may be used:

compound nucleus model
compound and precompound nucleus model
cascade reaction model

Surprisingly enough the analysis of about 3O publications did
show that the uncertainty of the calculated values did not de-
pend very much on the sophistication of the model applied.
Using the relative differences of experimental and calculated
values at several characteristic points, like height and po-
sition of the maximum cross section, an overall deviation of
2O up to 50% was obtained. In many of the publications inclu-
ded in this analysis some of the input data needed for the
calculations were used as more or less freely adjustable
parameters. Therefore one should in general expect that the
deviations between calculated and experimental excitation
functions are larger than given above because the "best"
values for these adjustable parameters are not accurately
known.

For p-, d-, He- and a-reactions a semiempirical procedure
was developed (26, 35, 36) with which excitation functions
for many reaction types can be estimated without the aid of
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a computer. The uncertainty of these estimated ICPND is only
slightly larger than those calculated with simple models.
This systematic is based on the dependence of some charac-
teristic values, like the maximum cross section, on a para-
meter which itself is a function of the binding energies of
the last neutron and proton and the Coulomb barrier. With
the aid of the excitation functions given in (36) expecta-
tion values for thick target yields were calculated and also
published in (36).

One important point in the application of such a systematics
is the uncertainty of the estimated values. We therefore tes-
ted the accuracy in two ways. First, the deviations of the
maximum cross sections from the predicted values were calcu-
lated for (p,xn)- and (a,xn)-reactions, with x ranging from 1
to 4. The mean values of the deviations obtained were less
than 30% (35). Another test was performed to check the whole
excitation function (37) which will be descussed below.

6. Excitation functions for low energy reactions

The general form of excitation functions for low energy reac-
tions can be seen in Fig. 1: The curve reaches after a steep
rise a maximum and falls off at higher energies to approach
after about 3O MeV the approximately constant tail cross sec-
tion which is up to a factor of 10O smaller than the maximum
cross section a... The region of the maximum is in general the
most accuratly known part of the excitation function. For
most of the cross sections in this region an uncertainty of
considerably less than 20% is claimed. However, the reliable
evaluation of these uncertainties is very difficult leading
quite often to an underestimation of the (systematic) errors.
This was checked by comparing with each other all those
excitation functions for (p,xn)- and (a,xn)-reactions which
were determined at least twice (37) . To include the whole
maximum region in this comparison thick target yields were
calculated using the 1O6 different sets of cross sections.
The average standard deviation for the differences between
the two or more thick target yields available for each reac-
tion amounts to 31%. This is a factor of about 1.5 larger
than expected from the uncertainties claimed by the authors.
The agreement between the different sets of data could pre-
sumably be improved if for the calculation of the cross
sections from the measured activities the now available
"best" values for y-ray abundances and monitor reaction cross
sections would be used.
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The average values of the above mentioned thick target yields
for a given reaction were used by Jäger et al. (37) to check
the reliability of the predictions of the systematics dis-
cussed in section 5. They found a standard deviation of 45%

20 26 X
Ep.QCM.VJ

Fig. 1 ; Excitation functions for (p,n)-reactions as given
in (26). On the energy scale the sum of the projec-
tile energy and the Q-value of the reaction is given.
The charge number Z of the target nuclides varies
between 20 and 40. The dashed curve represents the
excitation function expected according to the
compound nucleus model.

for the differences between the thick target yields obtained
from the systematics and those calculated with the aid of ex-
perimental excitation functions for (p,xn)- and (a,xn)-reac-
tions with a wide variety of target nuclides. This is not
very much larger than the experimental uncertainties dis-
cussed above. A similar check for calculated excitation
functions is not available yet.

The comparison of published excitation functions for a given
reaction type and a limited region of target nuclides is only
very rarely possible due to the lack of data. However, if the
reactions proceed mainly via the compound nucleus formation
and if the influence of the Coulomb barrier can be neglected
then such a comparison can be based on the expected similarity
of the excitation functions. As an example 17 excitation func-
tions for (p,n)-reactions with medium target nuclides
(2O<Z<4O) are shown in Fig. 1 as full curves. In addition the
excitation function expected according to the compound
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nucleus model are also given (dashed curve). Due to the ener-
gy scale chosen all curves are clustered very near together.
Only at higher energies larger deviations seem to occur.
However, we know now that the values for the reactions with V
(curve 3a) and Y (curve 15) are wrong and that the redeter-
mined values agree much better with the dashed curve. From
this observation one can draw two important observations:

1) Some of the experimentally determined excitation functions
may have a large systematic error for which no hint or
explanation can be found in the publication.

2) Published values should be used with great caution if the
excitation function deviates considerably from the expec-
ted trend.

>*
At higher projectile energies deviations from the curves
derived with the aid of the compound nucleus model are expec-
ted due fco the influence of precompound emission and surface
reactions. If these reaction mechanism are taken into account
the agreement between experimental and calculated data can be
improved considerably.

The average maximum cross section <OM> of the curves shown in
Fi,g. 1 amounts to 567±163 mb'and the position of the maximum
<£:.,<• to 7,3±0,7 MeV (excluding the curves 3a and 15). One can
expect.that the uncertainties of the predicted values (calcu-
lated or from systematics) for OM and EM for a (p,n)-reaction
in this limited region of target nuclides should not be much
larger than the standard deviation given above.

For other low energy reactions~.wïth only few emitted nucleous
it also can be assumed that "thê ross sections in the region
of the maximum of the excitation functions are known or may
be predicted with reasonable accuracy. This is however, not
the case for projectile energies Ep j'ust above the threshold
energy of the reaction. In this regvioik the values published
for the cross sections as well as for the corresponding pro-
jectile energies are much less certain especially if the
stacked foil technique was used for the determination of the
data. An analysis of the effective Coulomb barrier in low
energy reactions (38) revealed uncertainties in the projectile
energies of about 1 MeV. The systematic errors which are due
to the distribution of the projectile energies around the
mean value can also be quite large in the region of steep
rise of the excitation function. Therefore it is in general
not possible to calculate with reasonable certainty the acti-
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vity formed just above the threshold energy. This is especial-
ly true for the activation by a hot plasma if the reaction of
interest was not investigated explicitly in this very low
energy region.
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