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RIVIIWOF NEw DIVILOPMINTS IN FuSION REACTOR NUCLIONICS

Donald J. Dudzfak and Phillip C. young
Theoretical Division, Los Alamos Scientific laboratory,

University of California, Los Alamos, New Nexico

A9STRACT

A re<iew is presented of recent develop-
ments in nuclear data, computational m~thods,
and computer codes, especially as pertains
to fusion reactor nucleonics, Important
nuclear data measurements, evaluations,
nuclear model c~des and processing codes
are discussed. Progress in solution accel-
eration and deterministic streaming methods
for discrete-ordinates codes is covered,
along &ith comments on recent Monte Carlo
developments. Finally, sensitivity and
uncertainty analysis methcds are reviewed,

INTRODUCTION

Two main paths of development have
occurred for fusion reactor nucleonics -
nuclear data and neutron/gammd-ray transport
methods, Each path has included basic
foundations which were laid down {n the
past for other nuclear programs, With
a few notable exceptions, the data, methods
and codes in use toda] for fusion reactor
nuclrar analysis are adapted from thosr
programs, The present review is confined
orimarily to recent dev~lopments in direct
support of the U.S, fusion reactor technology
program, previous work in other programs
already havi,~gbeen cxtensivaly r~viewed ‘-6
for \ts applicability to fusion raaCtOrS,

Over the past sev~ral years, consider-
able effort has

!
or,e into identifying

deficiencies in nuc ear data that impact
fusion reactor designs, Problems that haw
been en?phesized fnclude evaluation format
deficiencies,e lack of energy balance in
ENi)F/B-k evaluations,? gaps in the avail-
ability of particular types of data,”’t and
inadequate accurac in certain evaluated data
as identified !. Sptcific sensitivity/
covariance analyses,lo A fusion energy data
r,,que$tIistll has evolved and has ~~rved to
focu$ certain differential dnta measurement
programs on fu$lon data nepds, Progress has
been made in \everal important arms,
including n~w data on tritium production and
other IWkJtrOII reactions with ‘Li and 7Li,
neutron reactions with W isotopes, charged-

pssrticledata, emission spectra for secondary
radiation, nuclear mode1 codes, afid new
evaluated cross sections and covariance data
i’iles,

Processing codes have been expanded to
accommodatenew fNDF/B formats and to general-
ly provide fncreased {nformatfon. General
purpose data libraries such as ENDf.iB-V,
GAMDAT78 12 and series 1-7 of the MAT)(S
Iibrary]i are now available at the National
Magnetic F!lsion [nergy cOKIl)Llting cf?f’ItCr

(NMF[CC), In addition, the TRANSXIS and
NJOY]4 processing code systems as well as the
GAMMON activation librarylb are operational
at the NMf[CC. The GAMMON library, which
{S specifically desiqned for fusion reactor
applications, contains multigroup cross
sections (100 energy groups) for 420 neutron-
induced reactions, multigroup

7
aroma-ray

spectra (25 em=rgy groups) for 10 unique
daughter products, maximum permissible con-
centrations (MPC’S) for 200 reaction pro-
ducts, and absorbable decay energy (stnsible
heat) for 85 products,

Because of the breadth of data needs,
we will restrict our discussion to a f~w
of the more visible problems and will
tmpha$ize the measurement, calculation, and
evaluation efforts for these cases, A more
comPlete r@vi@w of fusion data activities
was recently given by haight.’6

Specific are~s of development fn trans-
port methods and cod~s during recent yaars
have fncluded new one-dimensional (l-O) and
2-0 discrete-ordinates codes, with faatures
Specifically de$igned for :,Id/o! applicable
to fusion reactor design, The principal
new features in 1-D have included greatly
improved @ffici@ncy (i.e., reduced computation
tiMeS) by di?fu:ion synthetic acceleration, a
completely new and mnrmonic-orlcntpd fre~-
field input format, and evolutionary improve-
ments in hiercrchlcal ttorage ctrate ies,
output and @alit features, *tc, 1!The ON OAN1
codel!, incorporating these features, is now
generdlly available on the NMIECC along with
multigroup data libraries, Simila!ly, the



2-D triangular-mesh code, TRIDENT-CTR,la is
available on the NMFECC for fusion reactor
blanket/shield analysis. Reseirch is pre-
s,>ntly underway to incorporate deterministic
streaming methods into TRIDENT-CTR, with the
ultimate goal of achieving accurate discrete-
ordinates solutions in the vicinity of large
void regions such as vacuum ducts, plasma
chambers, etc.

The principal recent developments for
Monte Carlo codes have consisted of
evolutionary improvemc.nts in geometry
routines, output of physically significant
particie history data, variance reduction
guidance for the user, and general code
architecture. Adaptations for fusion
technology applications have been made to the
MCNP code,lg which is being used on the
NMFECC for nucleonic analyses of the Fusion
Materials Irradiation Test (fMIT) facility
and se~lr#S fusion reactor concepts (e.g.,
EBTR, Fast liner Reactor, Reverse
Field Pinch ~eactor). Of particular interest
is the increased use of both deterministic
and stochastic transport codes for analyzing
neutral atom distributions in plasma, limiter
and divertor regions.20’zi

NUCLEAR DATA

Neutron Reactions on 6Li and ?Li

Extremely important processes for a D-T
fusion reactor economy are the tritium pro-
duction reactions for 6Li and 7Li. While the
aLi(n,t) cross section is thought to be
reasonably well known in the r~gion of
importance, serious questi2ns have been
raised about the accuracy of the ‘li(n,n’t)
reaction cross section that is currently in
the ENDF/B-V evaluated data file, The over-
prediction of tritium production in integral
experiments suggests that the ENDF/B tritium
production cross section for 7Li mi ht be
from 10 to 35% too high near 14 MeV.a2’14 T~c

new differential data from Swin$oe and
uttley~b and Smith et al,,26 which are
illustrated

r
&t this

meet{ng,27 inj~cat~nO~t$rENDYBerdata should
be lowered from 15 to 25%, Ot,hernew tritium
pro{ lction data ●t 6 and 10 MeV (fnferred
from the n~utron emission results of Lisowski
at al,aa) te+ndto support the @xisting ENDf/8
valu@6, but with relati~ely large uncert-
ainties, 10 summarize, th~se new results
are all consistent with a lowering of the
ENDF/B-V tritium production cross tection,
but there is disagreeme~~ton th~ magnitude
of the corrections, An additional diftm-
ential measurem~nt is in progress at Geel,
wh{ch should help clarify the situation.

Other new differentitildata hav~ become
available rec@ntly that should indirectly aid
in determining tha ?Li(n,n’~) cross section,

as well as in generally improving 6Li and
?Li neutroniC5 data. These results include
new total cross section measurementsz9’30
between 0.1 and 50 MeV, differential elastic
angular distributions3]’32 between 4 and 14
MeV, measurements of neutron emission

, and several new“~~~~~~~~~nt~\~fssandoflOt~~vTLi(n,n’y) CrOSS

“section that cover the energy range from
threshold to 20 MeV. Of particular importance
for fusion applications are the differential
elastic and n~utron emission spectrum measure-
ments between 9 and 14 MeV. The elastic
angular distrib~ltions measured by Hogue
at al,32 between lC and 14 MeV are compared to
the ENDF/B-V evaluation in Fig. 1. Signifi-
cant differences between experiment and
evaluation are seen at some angles. New
evaluations for 6Li and ?Li that consider both
old and new experimental data are currently
in progress at Los Alamos Scientific Labora-
tory (LASL) by one of the authors (Young),

Neutron Reactions on Tungsten

One of the conclusions of a recent un-
certainty analysis by Gerstl et al,]o is that
both the cross sections and neutron emission
spectra for tungsten are probably inadequate
for fusion reactor designs that employ signi-
ficant amounts of tungsten for shielding.

~~z;~~~:{~ as shown
in another paper at this

measurements from the L~ ‘ermore
Pulsed Sphere program also indicate that the
[NDF/B-V tungsten isotope evaluations lead
to seriously deficient neutron emission
spectra for la-MeV incident neutrons,

As a result of these problems, a new
evaluation of the ns+utron-induced data for
tungsten isotopes is in progress,a6 The
new evaluation couples recent tot’1, elastic
scattering, and (n,2n) cross-section
measurements with a modern nuclear theory
analysis that should significantly improve
tungsten data in the 0,1-20 MeV re ion, The

!UC? of nucldar-inodelcalculations w 11 remove
the discrepancies between neutron and gamma-
ray emission spectra that have led to the
serious energy balance problems ~vident in
the END(/9-V evaluations.? The calculated
neutron 9m{ssion spectrum for 14,6-MeV
incident neutrons is compared in Fig, 2 to
both ENDF/B-V and to a measurement by
Herm$dorf et al,a? Note that the discre-
pancy between lNDF/B and the measurements
betwem 5 and 11 MeV is greatly reduced by
the new calculations, although not entirely
rea!ovtd.

~harg~d-Particle Reactions

Whil@ v~ry thorough R-mutrirnsnalysetsa
have been performed for th~ most im ortant
fusion reactions, 1’the results are st 11 dP-
pendent on the ●ccuracy of ttw experimental
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data base used in the analyses. The experi-
mental data for certain key ,eactions, such
as D(t,n)4He, D(d,n)3He, D(d,p)l, and T(t,2n)
~He, mainly consist of measurements perform-
ed 25 years ago, and the accurac
::::l:s subject to some question.i9*:i ‘:;s:

a program to measure these cross
sectio;s down to as low an energy as possible
is in progress at LASL.do The energy range
for the new measurements is lC-120 keV, which
corresponds to plasma ion temPeratur@$ of
2-20 keV. The desired accuracy is i5% or
less, which is as much as an order of magni-
tude better than existing knowledge at the
lower end of the energy ~ange The experi-
mental approach consists of using a source
of negative hydrogen ions to bombard a
windowless, cryogenically pumped ga$ target.
The beam intensity is determined by c~lori-
metric means, and the crucial beam-energy
measurement is to be facilitated by a planned
laser-photodetachment, time-of-flight techni-
que. The target density is calibrated during
the experiment by using scattering or re-
actions of known cross sections induced by
10-15 MeV particles from a tandem Van de
Graaff accelerator.

To avoid tritium contamination problems
until the equipment is thoroughly developed,
the initial experiments involve only the
D + D reactions, Preliminary data have been
obtained for the D(d,p)T reactions between
40 and 118 keV, It is expected that during
1981 final data on the D + D reactions will
be obtained and work on the D(t,n)+He reac-
tion will begin, The T(t,2n)4He measurements
will be performed last because of their
relatively greater difficulty,

Neutron, Charq@d-Particle, and Gamma-Rav—.
~mIssIon Data

The need for more accurate ●mission data
for secondary neutrons, gamma-rays, and
charged-particles has become tncreosingly
evident with improvements in methods and codes
for neutron transport, heating, and radiation
damage calculations, Experimental facilities
have been develop~d at LA>L and at the
Triangle Universities Nuclear L@oratory
(TuNL) for measuring neutron emission spectra
induced by neutrons in the PieV●rrrgy r6Jion.
Thus far, measurements have been made for &
10”, and 14-MeV incident neutrons at LASl*~’41
for 61i, ?;1, ‘Be, 10B, and “D, &nd at
several energies between 8 and 14 McV at
TUNL42 for Fe, Cu, Ni, and Pb, Similarly,
neutron spectrum measurements have been snate
at the Oak Ridge Electron Lfnac Accel@rs*,or
(OR[LA)43 for ‘Li, Al, 1(, Cu, and Nb An
example of P
measurement for
These data have
Qvaluat{ona that
ENOf/B-V,

neutron em{stion spectrum
‘Be is shown In Ffg, 5,
b~en incorporated Into an
differs significantly from

hn extensive set of measurements of
gamma-ray emission spectra using the ORELA
white neutron source has been carried out at
Oak Ridge.4s These results gefi~rally span
the incident neutron energy range from 1 to
20 MeV and have been performed for most of
the common materials. In addition, a series
of gamma--3y spertrum measurements for mono-
energetic 14-MeV neutrons has been carried
out at LASL44 for a variety of materials.
These measurements have been very usefu’1for
gamma-ray production evalua+.ions, although
some discrepancies are known to exist between
the two sets of data.

The information on charged-partizl~
emission cross sections and spectra is
decidedly less abundant than for gamma rays.
Two experimental programs that deserve
special mention are recent helium production
c,’oss-sectionmeasurements that utilize high
sensitivity mass spectrometry45 and charged-
pdrticle emission spectrum meas~rements made
with magnetic quadruple spectrometers.46
These programs hav~ provided data for several
mater{als of tnterest at E = 15 MeV and
shwld be very useful In the future as more
energies and eleme,]tsare covered.

Nuclear Model Codes and Higher-Enerw Oata

Considerable progress has been made over
the past decade in development of nuclear-
model codes for use in Complementing;experi-
me,,taldata in evaluations and even for pre-
dicting unmeasured data (see Refs. 47 and 48
for recent reviews). Of most interest for
fusion reactor applications are several new
multistep Hauser-Feshbach/preequil~brium
model codes tnat are capable of handling the
numerous reaction channels that open in the
neutron energy ~ange from 7 to 50 MeV, The
codes in most comnon use in the United
States are GNASti,40HAUSER-5,s0 STAPREbl and
TNG,S2 When care is taken to obtain physically
meaningful model parameters, these codes
have been quite successf~l in tying togwther
and extrapolating ●xperimental information.
Such calculation have the additional
advantage that ●nergy conservation is built
Into the models. It is expected that these
models will be a Aey element in augmenting
experimental data in the 1O-5G MeV region
for the FMIT facility.

Analys~s covering the incident neutron
energy range from %3 to 40-50 MeV have
r~cently been carried out for “’s6Fe, **CO,
and aa’60Ni at LASL using tht GNASH code,
Neutron, gamma-rly, and proton emis$ion
sp?ctrs for 14-MeV neutrons incident on iron
from a sin le colculat~ongs are compared to
experlmenta! data44’46’B4 In Fig. 4. The
a reement is reasonable, especially con-
!t dering +jh#t these m~asurelfi~nt~were no:
used fn dctetvnining the mod~l paramet~rs.



Results from the 5gCo analysisss are compared
to measurements of (n,xn) cross sections in
Fig, 5, and the full bsCo cross-section pre-
dictions to 50hieV are shown in Fig. 6.

Covariances

A significant expansion of covariance
data occurred between ENDF/B Versions IV ?.nd
v. The number of ENDF/B-V general purpose
evaluations containing covariance data is now
about 24 and includes many important fusion
materials. For the first time: covariances
for resonance parameters are given for some
materials, although the information is not
complete. Materials having covariances
include W, 6Li, ‘%, C, “N, 160, 27AQ, Si,
Cr, Fe, Ni, and Pb. The covariances are
mail?y for smooth cross sections and the
entire energy range Is not covered in all
cases. Important omissions in the list of
materials are ?Li, Cu, ant the W isotopes.
Additionally, there are no covariances for
angular distributions or secondary energy
distributions. Simplified, ad hoc analyses
of secondary energy distribufion~have been
performed for use in sensitivity analyses,io
and the need for such data in evaluations is
evident.

Summary Comments on Nuclear Data

In the abov~ sections, we t,ave high-
lighted some of the nuclear-data developments
of the past few years, Progress is evident
in several important areas, and significant
advances have clearly been made. However,
we should point out that a number of problem
areas remain in the data. For example, there
is still significant disagreement among even
the new ?Li(n,n’t) measu~ements; betwem 7
and 14 MeV, there are still large gaps In
most of the required data, especially neutron
and charged-particle ●mission spectra;
experimental data of any type are very sparse
bet~een 15 and 50 tleV; reaction data for
neutrons incident on radioactive nucle{ are
virtually nonexistent; energy imbalance
problems are present in many ENDF/B-V evalu-
ations; significant deficiencies still Qxist
in theoretical model codes and improvements
are needed; and the covariancc data presently
available in ENDF/B-V is l{m{ted both In
qual{ty and In the extent of reactfons and
materials for which data are provid~d.

sINS:TIVITY AND UNCERTAIN?YMETHOOS

]nextr{cably tntwined with the assess-
ment of nucl~ar data needs snd adequacy ft
the quantttatfve methodology known generically
as sen$itlvity analysis, but includ{ng both
sensitivity and uncertainty calculations.
The theory is founded on ${m lC pstrturbation

rmethods, with wid~ applicat ons to fios{on
and fusion reactors. A racent cxpocition!a

gives an excellent summary of numerous appli-
cations of ordinary and generalized perturba-
tion theary. Specific fusion reactor appli-
cations usually require only the inhomo-
geneous source case, and have been reviewed
extensively.??’58 An exception to the inhomo-
geneous source restriction occurs for fusion/
fission hybrid reactor analysis.!*’60 Beca~se
of the extensive review literature available,
the present discussion is confined to (1) the
recently released SENSIT code; (2) secondary
energy and angle distribution sensitivity;
and (3) 2-D sensitivity analysis.

A latest generation sensitivity code,
SENSIT,8i is cttrrently operational on the
NM~ECC network. The code is specifically
tailored for fusion reactor sensitivity and
uncertainty analyses, both for cross-sectior,
errors and design perturbations. Included in
the cross-section category is the capability
to compute sensitivities and uncertainties
caused by secol~dary-neutronenergy and cngle
distribution errors.c2 As has been shown in
a comprehensive analysis for a fusion
reactor,io the secondary-en~rgy-distribution
(SED) contribution to response uncertainties
is generally lower than that from cross-
section uncertainties, but not negligible.
For the TNS design analyzed “in Ref. 10, the
overall uncertainties in TF-coil dpa were 72%
and 33% (at the 68% confidence level) from
cross-section find SED uncertainties,
respectively.

Capabilities for design sensitivity
analysis have yei to be ●xploited exten-
sively. Effects on various mscleonic design
parameters (e.g., dpa and kerma) can De
easily determined for small perturbations in
blariket/shield region dimensions, densities,
material compositions, ●tc. Such analyses
with a dtsign sensitivity code could readily
be adapted to shield optimization studies.

Two-dimensional sensitivity analyses have
not yet been warranted for fusion reactor
studi~s, mostly because of the conceptual
nature (and therefore lack of detail) of such
d@SfQni, However, the ETF project or its
sequel (FED) w{ll providt a requirement for
such malyses in the next few years, as the
sh{cld designs firm. Some capability alread
exfsts for 2-D rross-section sensftivity,?e’e{

and has been applied to a p“eanalysic of the
ORN1 fu$lon reactor shielding experiments.a’
For this particular applicatfcn, the adequ~c,v
of a 1-D sens{t!vfty study was demonstrated
by comparison with the 2-II analysts, As iS
the case for 1-E), the 2-D methods and coc%s
are read{ly expendable to design $@n${tivity
#nd shield optlm{zatfon when requ{red,

TRANSPORT METHODS AND COOES

[~tensive work to improve neutron/gamme.
ray transport numerical methods has been per-
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formed in the last few years. An adequate
review, however, is beyond the scope of this
paper. Thus, we will confine ourselves to
brief dis~:lssions of some major new methods,
codes or cod(? versions of particular interest
to the fusion community.

One-dime,,>ional discrete-ordinates codes
are the workhorses of the routine, but very
important, blankeL/shield design tradeoff
studies. Such codes are long established,
but still have been greatly improved in
recent years. Some of these improvements
have consisted of correcting ●soteric
anomolies of the solution algorithms, but
others have provided more stablt ●rid/or
accelerated solut,ons to the majority of
typical fusion reactor transport applications.
In the latter category is the diffu$ion syn-
thetic acceleration technique employed in ‘he
ONIDANT code.l? Th{s acceleration technique
is increasingly ●ffective as a transport
problem approaches one amenable to diffus{on
theory, so Its value may be grentest in
fusion/fission hybrid reactor ana?ysis.
Typical reductions of the solution times,
●xclusive of input and edit data processing,
are a factor of 2 to 5, depending on the
problem spectra, source distribution, scat-
tering-to-absorption ratios, ●tc. Another
recent enhancement of ONECANT, specifically
included for neutral-atom transport analysis,
is a general albedo boundary condition allow-
ing returiling particles in all energy groups.

Reduction in computation time have their
greatest payoff in 2-D transport codes, which
typically run about two orders of magnitude
longer tfmes than 1-0 codes. One such 2-D
code , TUOOAtiT, {s s.chedul~d for r~lea$e in
ab~ut a year. Realistic test probltmsa! with
a preliminary version of the code {n use at
LASL , THGTRAN-DA, also have shown reducsd
computation times bv factors of 2 to 5,

Another 2-D discrtte-ordlnatcc cwh of
direct fnterrst to the fusion raactor corrrnu-
nity Is TRIDENT-CTR Although this tri-
angular-mesh code ha~ been avallcbl~ for some
time on the NMFECC, it has b~en continually
undergoing ‘mprovcm*nt as new and chall~nglng
fusion r*i~~tornucl~onlc probloms arfcs (o,g,,
cf. other I)ap?rsin this S@ssion dealing w~th
applicat(on$ of TRIDENT-CTR to ETF and EBTR).
For ●xample, the code now allows fnternal
boul,rjarysourczs (tuch at tht w~llt of NB1
or vacuum d~rts) and is llnkcd to r surface
source produced by a Monte Carlo cod., Thc
rsquircd linking to MontQ Carlo output
!llu6tratts m current shortcoming of all
discr~te-ordinates cod~s; viz, tho str~aming
@ffectt problem {n larg~ votd

!
r~ tons.

DcvrlopmPnt cffortl for ditcra:t-ord natot
cod~ applicat~on~ to fution problomt art nw
dlrrnc:cd mainly to thli shortcoming

!’
Effortt

to onwli,lrat~ the num?r{cal .trtam ng offccts

are being undertaken in what 1s called d~te~
ministic streaming methods. One such ●ethod
that shows considerable promise of short-term
payoff {s being actively pursueduu for x-y and
r-z geometries. Plans are to ●xtend the
method from the presently developed orthogonal
●eshes to triangular meshes, for ultimate
incorporation into TRIDENT-CTR. implementa-
tion of deterministic streaming methodolow
should allow the direct use of discrete
ordinates in regular geometries, where Monte
Carlo calculations are now required solely
for the streaming aspects of problems rather
than because of geometric complexity.

Development of 3-D discrete-ordinates
codes hcs lain dormant for the last two years,
since the completion of the THREETRAN ●nd
THREETRAN(hex,Z)e? codes.* However, interest
in ●xtending these codes has been shown in
the statement uf ETF supporting R&D needs,*?
where analysis of divertor coil shields
r~quires such capability. Adaptation of
the 3-D codes to the selected specialized
fusion application~ (which could include
neutral-atom transport in diverters or
limiters) could probably best be done on an
~d hoc basi However, additional code
=ve@iment wu~ld be required beforehand to
●xtend the capability:’ to P3 scattering ●nd
increased convergence ●cceleration.

Rec@n: developments In Monte Carlo
methods and cod~s were discussed ●xtensively
‘t the April 1980 RSIC Monte Carlo Theory
~nd Application Seminar-Workshop, the pro-
ceedings of which were published as ORNL/
R’iIc-44. Host fusion applications have
il,volved MCNP, MORSE or TARTNP. Evolution-
ary improve~nts in the first two codes were
covered in paperc at the abovsmentioned
seminar. and cannot be r~vl~wed in detail
within th~ scope of thit paper. Hwavtr, ●s
a generalization It appears that progr~ss hss
occurred on two fronts whfch w?r~ r~comm+nded
by variousF;:;Jon r~actor nuclconics Working
Groups, user-orltnted Input
m{~ulcs (e.g., ‘geo~eyry specifications) ●nd
code mnuals •r~ ~ppeavtng; and, second,
u~eful “event” information it being computod
and cditod to improvt the us~r’r understanding
of the phytfcs of tht problem solution m5 It
progrcssct, Ret@arch has contfnucd on
improved b{aslng tcrhnlqu~s and protocols
for employing the techniqutsl” ’so’ce, but
littlt progrets has occurred in automating
s?l~ctlon of, for cxampl~, exponential-bias
or splitting parameters in production codes.

~est codrs (IOWprovidr only tfw rudlm~ntary
capabil~ty to gentratc virtually unacctlt-
ratcd solutlons for PI scattering.



In summary, we have attempted to review
recent developments in transport codes, with-
out necessarily commenting on the adequacy
of the effort as compared to the needs.
Another paper2? at this meeting addresses
the status and needs questions. It is our
observation that the present pace of devplcp-
ment is inadequate for even the well-defined
needs, without accountf~g fur the unpredicted
requirements which inevitably ●volve as
projects such as ETF approach a detailed
design st~ge.
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