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Abstract

Nuclear data requirements for fusion reactor
nucleonics are reviewed and the present status of
data are assessed. The discussion is divided into
broad categories dealing with data for Fusion
Materials Irradiation Test Facility (FHIT), D-T
Fusion Reactors, Alternate Fuel Cycles and the
Evaluated Data Files that are available or would be
available in the near future.

1. Introduction

There have been a numoer of articles discuss-
ing various aspects of the nuclear data require-
ments for fusion applications. At the IAEA Advisory
Group Meeting on Nuclear Data for Fusion Reactor
Technology held in December 1973, Head,1 sunmarized
the nuclear data requirements of the magnetic fusion
power program of USA. Data requirements for studies
of fusion reactor design,2 nuclear heating,3 trans-
mutation and activation of reactor wai 1 ,** radiation
damage,5 shielding,' and hybrid reactor calcula-
tions,' were presented and discussed in detail. The
status of evaluated data files available was also
discussed.3 More recently, fusion nuclear data
needs have been reviewed by Haight,9 and the FMIT
data by Browne and Lisowski.10 Since it is redund-
ent to repeat this discussion in detail, changes
and modifications that have occurred in the data
needs will be emphasized here. In addition, the
discussion will be confined to mentioning broad
categories of data rather than a detailed listing
which may be found in the references and in the U.S.
Data Request List.11 The discussion will be divi-
ded into first, data needs for the Fusion Materials
Irradiation Test (FMIT) Facility which is under con-
struction and the data are needed within one or two
years or immediately. Second, the data for the de-
sign of a 0-T fusion reactor will be discussed.
Third, the charged particle cross sections for
alternate fuel cycles will be listed. The data
needs and the priorities assigned to them are taken
from the list of Ng.12 Finally, the evaluated data
libraries that are available now and the expected

*This work was supported by the U.S. Department of
Energy.

•'improvements or additions
tioned.

to these will be men-

2. Fusion Materials Irradiation Test Facility

Nuclear data ,ieeds of the FMIT project were
discussed at a Symposium,13 1n 1977 and again re-
viewed and updated at a similar meeting,1" in
1960. This 1s a facility designed to produce a
high flux H0 l sn/cm 2. sec) of 14 MeV neutrons for
materials damage studies in test volumes of the
order of 10cm.5 The device operates by having 0.1
amp beam of 35 MeV deuterons bombarding a flowing
lithium target. In addition to the broad peak of
.~I4 MeV neutrons it is expected that there would
be an appreciable tail of neutrons extending up to
about 50 MeV. The data requirements ire varied
and are discussed under the following broad
categories.

(i) Source Characteristics

Thick sample yields and spectra of the reaction
L1(d,xn) at a deuteron energy of 35 MeV have been
measured by the UC Davis Group.13 Neutron
spectra were measured from ~l MeV to ~ 5 0 MeV -
the maximum kinemat1cal1y allowed energy and
angles of 0-150 . From these measurements,
though it was found that emitted neutrons of
energy greater than 30 MeV constituted only about
1* of the spectrum, they have to be considered in
the design of the shield because of their high
energy. The actual data needed to determine the
source characteristics are the spectrum of neu-
trons produced as a function of the angle for dif-
ferent deuteron energies upto 35 MeV. This has
been indirectly obtained from the thick sample
data by fitting a simple model of the microscopic
differential cross section to this data.16 How-
ever, there is need to measure these thin sample
neutron yield spectra.15

(11) Dosimetry Reactions

The use of dosimetry reactions for determin-
ing the neutron fluence and spectrum with the FMIT
have been reviewed by Greenwood.17 Multiple-foil
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passive dosimetry tecnnique analyzes the activa-
tion products and by unfolding determines the most
probable flux and spectrum of the incident
neutrons. For FMIT applications, Greenwood,18
has assembled a cross section file extending to 44
MeV by extrapolating to higher energies by various
methods. However, reaction data at selected
energies from 1 to 50 MeV are needed for 59Co,
l"Au, 5"Fe, 58N1, 90Zr, 39Y, 169Tm> 93Nb, 23Ha,
i07Ag> 238(j and =5Mn> Details of the different
(n,particle) reactions and accuracies desired may
be found in the forthcoming compilation of Re-
quests for Nuclear Data.11 Helium accumulation
fluenca monitors provide neutron fluence data as
a further check on the foil technique results.
Source characterization by these two techniques
and the helium generation cross sections for fast
neutrons have been discussed by Kneff et a!.19*20

Total helium production cross sections as a func-
tion of eneroy an needed for Al, Fe, Cu, Ti, HI,
M and Au up to 40 MeV.11 Solid state track re-
corders are being developed for neutron dosime-
try,21 and need z3S,238|j ff S Si o n cross sections
and (n,p), (n,a) reactions for Ag, Br, C, 0 and N
in the 14-40 MeV range.11

(iii) Materials Damage Studies

The status of materials damage studies pro-
gram has been reviewed by Goran and Guinan." The
data needed are differential angular cross sec-
tions for elastic scattering and for all non-elas-
tic reactions for Fe, Ni, Cr, Al, Cu, W, Sn, Ti
and V in the energy range 15-35 MeV.11 The angu-
lar and energy distributions of the emitted parti-
cles are necessary so that the recoil energy of
the residual nucleus can be calculated. Total
helium and hydrogen production cross sections
should be available for these materials at a few
points from 15-35 MeV to help in the unfolding of
total helium production data.

(iv) Shield Design

Nuclear data relevant to the shield design of
the FMIT facility have been reviewed by Carter
at al.-3 Total differential elastic and non-elas-
tic neutron cross sections are needed for the
constituents of the shield for energies up to 50
MeV. Neutron total and non-elastic cross sections
for Fe, 0, C and Ca were measured by the UC Davis
Group,2" at 35.3, 40.3 and 50.4 MeV and total
cross sections were also measured for C, 0, AT,
Si, Ca, Cr, Fe, N1, Cu, Au and ?b from 2-80 MeV
at ORELA.25 However, high accuracy (±5X) total
and differential elastic data on some of the im-
portant shielding materials like Fe, Mi, Cr and TI
would be helpful In order to check these data.11

(v) Neutron and Deuteron Activation Data

These data are needed to estimate the pro-
blems involved 1n the maintenance of the FMIT
facility Including the test cell and monitoring
equipment. Activation data needs have been

discussed by Johnson et al.16 Since only about
5 neutrons are emitted for 100 deuterons of 35 MeV
energy incident on lithium, it is expected that
the amount of activation caused by deuterons is
much larger than that originating from neutrons.15

There are much less data on deuteron induced acti-
vation than on neutron activation. Some of the
deuteron induced activations have been measured
at the UC Davis with 35 MeV deuterons incident on
Li, C, Al, Fe, Ni, Cu, Mo, Ta, Au and ?b. Mea-
surements on fla, K, Ca, Cr and Mn and other nuclei
have been planned. There are neutron activation
cross sections in ENDF/B which have been extended
to 40 MeV with nuclear model calculations of var-
ious degree of sophistication. These, however,
have to be checked against differential data at
higher energies or integral measurements. Neutron
activation data are needed for Cu, Al, Cr, Mn,
Fe, .'11, Ti", Co, Na and K up to 40 MeV.11

(vi) Other FMIT Data

In addition to the above, data are needed to
determine the effect of prompt neutron, gamma-ray
and charged particles originating from deuteron
bombardment and also neutron and gamma-ray trans-
port and radiation heating data. The status of
these have also been discussed by Johnson et al.16

The neutron yield and spectrum data for deuterons
on lithium were discussed earlier in the section
on source characterization. Data on gamma-ray
production were also obtained from the same ex-
periments.13 Proton emission from (d, Li) reac-
tion was calculated on the assumption that pro-
ton emission was similar to neutron emission.16

The data needed for determining neutron and
gamma-ray transport and radiation heating are dif-
ferential elastic scattering, non-elastic scatter-
ing neutron, charged particle and gamma-ray emis-
sion spectra and KERMA factors. These data are
needed up to 50 MeV. ENDF/B-IV evaluations may
be used up to 15 MeV supplemented by nuclear model
calculations and the Wilson,26 and Aismiller -
Barisft,27 data libraries for higher energies.

3. D-T Fusion Reactor Design

The data for fusion reactors based on the
D-T reaction are many and are needed for energies
up to 15 MeV. These will be divided into data
for the next generation D-T reactor designs and
those for the D-T Fusion Engineering Prototype
and Demonstration power plant. The data in the
first section are assigned a higher priority,
(priority I) than those in the second (priority
II).

3.1 Data for flext Generation D-T Reactor Designs

(1) Data for Shielding. Activation and
Neutron Transport Calculations"

Data on secondary neutron emission
spectra as a function of angle and neutron
activation cross sections for all significant
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activities are neede« for Incident energies
from • to 1: HeV, for AT, 7Li, C, ?!1, Cu,
: :S, re, Cr, ?b, 3i, W, 0, N. The data
should have a precision of ICf!.'-1 Seme of
the recent seasursments on the neutron emis-
sion spectra have been listed by 3rowne and
Liscwski.1"

The need for reliable data on induced-
activation is becoming exceedingly important
for two reasons. First, the need for recyi-
ing most of the materials within -30 yrs
after component replacement or reactor decom-
missioning is now recognized. Second, the
benefits of personnel access into the reactor
building within hours after shutdown to per-
form some "hands-on" maintenance have been
indicated, particularly for near-term facili-
ties such as FED/ETF. The result of these
new developments is that providing adequate
•:a:a fcr induced-activation (cross sections,
branching ratios, decay schemes, etc.), of
all -ateriais in the reactor,6 is necessary.

(if) Data for Materials Carnage Studies

These data include helium and hy-
drccen production data for Li, C, HI, Si, Cu,
C, N, l :3, Fe, Cr, Pb, M and AT between 9 and
15 MeV. There are seme data measurements at
1: "!eV,!3 and mare measurements are needed at
lower energies.

Jiff) Data for Tritium 3reedfng

Data are needed for 7Li(n,n')at
reaction for 11 to 14 MeV neutrons with an
accuracy of 5* if possible, and at least "OS.
"or 6Li, the data for tritium production are
needed from 0.5-5.3 MeV with a precision of
IC'i. These data with the spectrum OT second-
ary neutrons for the reacticins mentioned above
are important for a calculation of tritium
breeding in the fusion reactor blanket. Re-
cent measurements on 7Li(n,n')oi reaction from
•1-1" tfeV and their implications have been dfs-
cussed by Swinhoe et al. 2 3 They find that
their results are uniformly lower than the
ENDF/B-IV evaluation by 26»; their data un-
certainty is estimated to be about 5*.. There
have been some recent "Li(n,n')ot measurements
at Argonne from 6.3-9.0 MeV and the prelimin-
ary results are about 10-18? lower than
sf!DF/B-IV.-5 A new evaluation of 7L1 is also
In progress at LASL.30

•?ne of the most important of the recent
developments concerns the tritium breeding
medium and neutron multipliers. Perceived
safety problems with liquid lithium has led
to a strong shift in emphasis to solid tri-
tium breeders. The candidate solid breeders
are Li7?b2, Li;C, and the ternary oxides such
as L1A10;, LUSH,., Li2Ti03, and Lf^ZrO;.
The two materials'of L1?Pb« and Li;5 have an
excellent tritium breedingnargin that is

comparable to that of natural lithium. Unfortu-
nately, the STARFIRE,31 study shows that serious
problems such as the tritium release characteris-
tics and compatibility problems may eventually
rule out the use of LijO and Li7Pb;. This would
leave the tertiary oxides as the only viable
solid breeders. Calculations show that the tri-
tium breeding ratio (TBR) with all ternary oxides
is less than one. Therefore, the use of a neutron
multiplier is necessary. The utilization of
beryllium can provide a comfortable margin in the
TBR but the resource limitations of beryllium
cast serious doubt on its use. Lead and bfsr.uth
are good neutron multipliers but their low melt-
ing points (327 and 27i C) present engineering
difficulties. ?bO has a melting point of SSS^C
but the presence of oxygen, low thermal ;onducti-
vity, and compatibility problems make it unsuit-
able. Therefore, the problem of identifying a
neutron multiplier with high melting point and
large (n,2n) cross section down to the low VeV
energy range is emerging as a critical problem.
The STARFIRE study identified Zr;Pb3 as a poten-
tial candidate. However, the presence of zir-
conium makes the neutron multiplication properties
of ZrcPbj marginal. The achievable breedina ratio
with L1A102 and ZrsPb3 is ~1.04. Such a low
breeding ratio does not assure an adequate margin
to account for data and calculation uncertainties.
The required net breeding ratio in an operating
reactor needs to be »»1.02-1.05.

The tritium breeding capability is thus
emerging as a potential feasibility problem for
solid breeders {the ternary oxides). This sug-
gests not only a need for a complete base of nu-
clear data but it indicates the importance of
better accuracy. The magnitude of the 'n,2n) and
parasitic absorption cross sections as well as
the energy distribution of secondary neutrons
from all neutron-producing reactions need to be
known to a high accuracy for all the solid bread-
ers and neutron multipliers defined above. The
neutron slowing down and absorption properties in
the structural naterial and coolant are also cri-
tical in the solid breeder systems. It appears
at present that stainless steel alloys and water
are the most likely candidates for reactors in the
next two to three decades.

(iv) Cross Section Data For "ear Term
Fuels.

Data are needed 'or d-t and t-t
reactions at low energies where the existing
data are discrepant and contain much larger'errors
than suspected. The data discrtpancies for S-d,
d-t and t-t reactions have been recently discussed
by Jarmie et al. 3 2 They have also plans to mea-
sure these reactions from 10-100 '<eV with an ex-
pected accuracy of 55.

(v) Cross Sections fcr Diagnostics

Cross section data needed 'or



plasma diagnostics are for 5i*Zn(n,p) and :50(n,a)
J2 :c '4 "si.-- "hese reactions are used in ce-
ta"2r: -.nic:: neasure the H "e1/ neutrons produced
:. ::nf?nec trains from the i(d,p)t reaction in
:.-= "-IT. ~:(v,,-.} and ''[•>,?) cross sections are
:'50 r.sedec -a £..=•20 .VeV. in addition, cross
sections for the"'production of electron-positron
:airs in 3 3rd H by electrons UD to 20 MeV in
energy ars also necessary. T(s,e'n) and T(e,e'p)
electro disintegration data uo to 50 MeV are
ssssntial tc estimate the background neutron noise
:rcsucad iy runaway electrons in TFTR.

".2 Cats ;or ;-T Fusion Engineering Prototype
snc rar.onstri'ion Power ?Tant "esi?ns.

"he data mentioned up to now are needed
•.-;t'i a high priority (priority I) as opposed to
tre -ata *n this section which have a lower
:r"'ori"v of I".

' • '• -ata for Shielding, Activation and
'leutron Transport.

Data on neutron spectra are needed
5S a function of the secondary neutron energy and
angia for 3e, Ti, Wb, Sn, Mo, 7, l:3 and F for
incident neutron energies from 9 to 15 MeV. In
addition, activation data for all significant
activation :ross sections are necessary.

'ii) Data for Materials Damage Studies

Helium and hydrogen production
iata are needed for 3e, 71, Nb, Sn, Mo, 7, 1JB aTid
F 'or neutron energies between 9 and IE MeV.
Other data for materials damage studies are the
sharped particle energy spectra fjr (n,a) and
'<;,-) reactions for 15 MeV neutrons on A!, 7Li, C,
F, M , Cu, : :S, l :B, Fe, Cr, ?b, Sn, Si, H, 0, Li,
"i, 2e, Ti, 7, Nb, and Mo.

fill; Cata for Fusion Hybrid Studies

Data for fusion-fission hybrid
reactor; have been recently reviewed by Jassby.33

Some of the data needed for this purpose are the
hiih energy neutron multiplying reactions in Th
and :"'J such as (n,2n) and (n^2n) from 11-14 MeV
.•nt.u. an uncartainty of 10S.;;

!1v} 3airaia-ray Production Cross Sections

lamna-ray production data have
:een -easursd for 27 materials of interest to the
-usion program at ORELA.-5 They extend from 0.1
"e7-20 '-lev "or neutron energies and the gamma-ray
energies cover the range 0.3<E..<10.5 MeV. These
iata are necessary for heat deposition calcula-
tions in the blanket, shield and tiagnet of the
fusion ievice. Oata are needed for the boron iso-
tooes 'rom the inelastic threshold to 15 MeV.

4. Alternate Fusion Fuel Cycles

Alternate fusion fuel cycles and the nuclear
data for them have been recently discussed by
Shuy and Conn.-" They discuss reactions impor-
tant for the o-d, d-3He, d-=Li, p-5Li and p--:S
fuel cycles. Of these, data are needed with pri-
ority I on the fuel cycles p- 5U and o-:l3 to sva1-
'jate then. They are: 5Li(3He,p)2cr froni 1.85-5.0
MeV, 7Se(d,p)2o below 2.0 MeV and 7Be(3He,2p)2a
reaction below 3.0 MeV. In addition,branching
ratios for other reactions of 5He on 'Li in the
energy range from several hundred ke'/ to a fsw
MeV should be measured. Elastic scattering data
of 3He en uHe (50 keV-a !<e\>), =He on 5Li (100 ks'/-
•3 "ey) and 3H or "He (up to 2.0 Me1/) are neces-
sary. For the p-:1S fuei cycle, reaction cross
sections are ieeded for 1!9{p,a)33e anc '-:3(p,-j}2a
reactions from 0.2-2.0 MeV. These include the
spactra of the emitted a particles as a function
energy and angle.

5. Evaluated Sata

Since the last review,9 of the evaluated data
files available for fusion, ENDF/B-V library has
been released. This contains evaluations up ts
20 MeV for a number of materials with improve-
ments in the quality of evaluation brought about
by including new experimental data, improved nu-
clear model code calculations, integral data test-
ing and more stringent checking codes. Secondary
neutron energy distributions include the pre-
equilibrium components, and better gamma-ray pro-
duction data are used-and-'checks for energy bal-
ance applied. Details of the evaluations may be
found in the summary documentation,35 or the in-
dividual evaluation reports.

For high energy calculations for FHIT, the
Wilson,25 and the Alsmiller-Barish,27 libraries
continue to be used along with EtWF/5-VI changed
to include new experimental data at higher ener-
gies.23 Arthur et al., 3 6' 3 7 have carried cut
evaluations for s«»,sspe up t0 40 mev and for

 59Co
up to 50 MeV and have plans to extend the energy
of evaluations for other materials. The dosimetry
library has been extended by Greenwood,16 to &4
MeV and the HEDL has enlarged the activation li-
brary in ENOF/B up to 40 KeV using various nuclear
mode] calculations.'5 Evaluations of charged
particle reaction data of interest to fusion by
G. Hale (LASL) are available in the ENDF/B for-
mat.39 Compilation of experimental date on these
reactions from the Howerton (LLL) library (in
ECSIL format) and Nuclear Reaction Cata Centers'
;(-4 format and the Hale evaluations may be ob-
tained from the National Nuclear Data Center at
Brookhaven.39

In carrying out an evaluation, nuclear model
codes play a very important part to supplement
measured data or suopty information for which no
data are available. Recent developments in this
field nave been discussed by Young et al.,"0
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