v\
1)

TS T O N N
LA-UR -80-2927

TITLE: REVIEW OF NEW DEVELOPMENTS IN FUS10}i REACTOR NUCLFONICS

AUTHOR(S): Dponald J. Dudziak
Phillip G. Young

MASTER

SUBMITTED TO: submitted to Fourth Topical Meeting on The
Technology of Controlled Nuclear Fusion,
14-17 October 1980, King of Prussia, PA

A IMACLANWH A —- -

By scceptance of this articke, the publisher recognites that the
US Goverrnment retans s noneacluswve, toyally free hane
10 publsh or reproduce the publuhed form of ths contnbu
ton, or to allow othen t0 do 10, for U.S. Goverrment pur.
HOARY

The Los Alsmor Scentific Leborstory requests thet the pub-
haher identify this srticle ;s work performed undet the sus-
pices of the US Department of Energy.

‘ \ ‘ ‘ oo MBYTION OF Tili8 nucup:agr IS UNLIMITED
..._\ J:k._.

. »
LOS ALANMOS SCIENTIFIC LACORATORY

Post Office Box 1663 Los Alamos, New Mexico 87545
An Affirmative Action/Equal Opportunity Employer

University of California

Form Nou. 838 R) UNITED STATES

8t. No. 2629 DEPARTMENT OF ENKRGY
1208 CONTRACY W:7400-ENQ. Bd


About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov


REVIEW OF NEw DEVELOPMENTS IN FUSION REACTOR NUCLEONICS

Donald J. Dudziak and Phillip G. Young
Theoretical Division, Los Alamos Scientific Leboratory,
University of California, Los Alamos, New Mexico

AQSTRACT

A resiew {s presented of recent develop-
wments in nuclear data, computational methods,
and computer codes, especially as pertains
to fusion reactor nucleonics. Important
nuclear  data  measurements, evaluations,
nuclear mode' cudes and processing codes
are discussed. Progress in solution accel-
eration and deterministic streaming methods
for discrete-ordinates codes 1{s covered,
along with 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/gamma-ray transport
me thods. Each path has included basic
foundations which were laid down 1{n the
past for other nuclear programs. With
a few notahle exceptions, the data, methods
and codes in use today for fusion reactor
nuctear analysis are adapted from those
programs. The present review 1is confined
primarily to recent developments in direct
support of the U.S. fusion reactor technology
program, previous work in other programs
already having been extensively reviewed -8
for 1ts applicability to fusion reactors

Over the past several years, consider-
able effort has one finto identifying
deficiencies 1in nuclear data that impact
fusion reactor designs. Problems that have
been emphasized include evaluation format
deficiencies,® 1lack of energy balance in
ENDF/B-V evaluations,? gaps in the avail-
ability of particular types of data,*'® and
inadequate accurac¥ in certain evaluated data
as  identiffed in specific sensitivity/
covariance analyses.}® A fusion energy data
request 1ist!! has evolved and has served to
focus certain differential data measurement
programs on fusion da'a needs. Progress has
been made in several important areas,
including new data on tritium production and
other neutron reactfons with 8Li and TLf,
neutron reactions with W isotopes, charged-

particle data, emission spectra for secondary
radiation, nuclear model! codes, and new
evaluated cross sections and covariance data
files.

Processing codes have been expanded to
accomodate new ENDF/B formats and to general-
ly provide i{ncreased information. General
purpose data libraries such as ENDF/B-V,
GAMDAT?78,12 and series 1-7 of the MATXS
1ibrary!? are now avzilable at the National
Magnetic Fusfon Energy Computing C(enter
(NMFECC). In addition, the TRANSX!3 and
NJOY'*® processing code systems as well as the
GAMMON activation library!® are operational
at the NMFECC. The GuMMON 1library, which
is specifically designed for fusion reactor
applications, contains  multigroup cross
sections (100 energy groups) for 420 neutron-
induced reactions, multigroup amma-ray
spectra (25 energy groups) for 107 unique
daughter products, maximum permissible con-
centrations (MPC's) for 200 reaction pro-
ducts, and absorbable decay energy (sensible
heat) for 85 products.

Because of the breadth of data needs,
we will restrict our discussfion to a few
of the more visible problems and will
emphayize the measurement, calculation, and
evaluation efforts for these cases. A more
complete review of fusion data activities
was recently given by haight.1®

Specific arees of development in trans-
port methods and codes during recent years
have included new one-dimensional (1-D) and
2-D discrete-ordinates codes, with features
specifically designed for <=.d/or applicable
to fusion reactor design. The principal
new features in 1-0 have included greatly
improved efficiency (i.e., reduced computation
times) by diffution synthetic accelaration, a
completely new and mnemonic-oricnted free-
field input format, and evolutionary improve-
ments in hiererchical storage strategies,
output and edit features, stc. The ONEDANT
code!?, {ncorporating these features, fs now
generally available on the NMIECC along with
multigroup data libraries. Similmly, the




2-D triangular-mesh code, TRIDENT-CTR,}® s
available on the NMFECC for fusion reactor
hlanket/shield analysis. Research s pre-
sontly underway to incorporate deterministic
streaming methods into TRIDENT-CTR, with the
ultimate goal of achieving accurate discrete-
ordinates solutions fin 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 improvem:nts in geometry
routines, output of physically significant
particie history data, variance reduction
guidance for the wuser, and general code
architecture. Adaptations for fusion
technology applications have been made to the
MCNP code,!® which is being used on the
NMFECC for nucleonic analyses of the Fusion
Materials Irradiation Test (FMIT) facility
and several fusion reactor concepts (e.g.,
EBTR, LINUS, Fast Liner Reactor, Reverse
Field Pinch Reactor). Of particular interest
fs the increased use of both deterministic
and stochastic transport codes for analyzing
neutral atom dist ibutions in plasma, limiter
and divertor regions, 20+21

NUCLEAR DATA

Neutron Reactions on i and 7Lf

Extremely important processe¢ for a D-T
fusion reactor economy are the tritfum pro-
duction reactions for €Li and 7Li. While the
8Li(n,t) cross section s thought to be
reasonably well known 9§n the region of
importance, serfocus questians have been
raised about the accuracy of the 7Li(n,n't)
reaction cross section that fs currently in
the ENDF/B-V evaluated data file. The over-
prediction of tritium production in integral
experimernts suggests that the ENDF/8 tritium
prodection cross section for LI might be
from 10 to 35% too high near 14 Mev.22-7¢ Tpe
new differential data from Swinhoe and
Uttley?® and Smith et al.,2¢ which are
fllustrated in  another paper at this
meeting,2? indicate the ENDF/8 data should
be lowered from 15 to 25X. Other new tritium
pro. iction data at & and 10 MeV (inferred
from the neutron emission results of Lisowskf
at a1.28) tend to support the existing ENDF/B
values, but with relatively 1large uncer-
teinties. To summarize, these new results
are all consistent with a lowering of the
ENDF/B-V tritfum production cross section,
but there i{s disagreement on the magnitude
of the corrections. An additional differ
ential measurement §s in progress at Geel,
which should help clarify the situation.

Other new differential data have become
available recently that should indirectly aid
fn determining the lLi(n,n'$) cross section,

as well as in generally improving €Li and
TLi neutronics data. These results include
new total cross section measurements?®+30
between 0.1 and 50 MeV, differential elastic
angular distributions3!'32 between 4 and 14
MeV, measurements of neutron emission

‘spectra?® at 6 and 10 MeV, and several new

reasurements33-35 of the 7Li(n,n'y) cross

‘section that cover the energy range from

threshold to 20 MeV. Of particusar importance
for fusion applications are the differential
elastic and neutron emission spectrum measure-
ments between 9 and 14 MeV. The elastic
angular distributions measured by Hogue
at a1.32 between 10 and 14 MeV are compared to
the ENDF/B-V evaluaticn in Fig. 1. Signifi-
cant differences between experiment and
evaluation are seen at some angles. New
evaluations for €Li and 7Li 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.10 {g that
both the cross sections and neutron emission
spuctra for tungsten are probably inadequate
for fusion reactor designs that employ signi-
ficant amounts of tungsten for shielding.
Simi]er]; as shown in another paper at this
meeting, } ‘measurements from the L$ ‘ermore
Pulsed Sphere program also f{ndicate that the
ENDF/B-V tungsten {sotope evaluations lead
to serjously deficient neutron emission
spectrs for 14-MeV incident neutrons.

As 8 result of these prohlems, a new
evaluation of the neutron-induced data for
tungsten i{sotopes is in progress.3® The
new evalustion 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 region. The
use of nuclear-model calculations will remove
the discrepancies between neutron and gamma-
ray emission spectra that have led to the
serious energy balance problems evident in
the ENDF/B-V evaluations.? The calculated
neutron emission spectrum for 14, 6-MeV
incident neutrons i{s compared in Fig. 2 to
both ENDF/8-V and to a measurement by
Mermsdorf et al.37 Note that the discre-
pancy between LNDF/8 and the measurements
between 5 and 11 MeV is greatly reduced by
the new calculations, although not entirely
removed.

Charged-Particle Reactions

While very thorough R-mstrix analysesd®
have been performed for the most {mportant
fusion reactions, the results are stil) de-
pendent on the accuracy of the experimenta!



data base used in the analyses. The experi-
mental data for certain key ,eactions, such
as D(t,n)*He, D(d,n)3He, D(d,p)T, and T(t,2n)
‘He, mainly consist of mz2asurements perform-
ed 25 years age, and the accuracy of these
data is subject to some question.39'40 Ag a
result, a program to measure these cross
sections down to as low an energy as possible
fs in progress at LASL.4C The energy range
for the new measurements is 16-120 keV, which
corresponds to plasma ifon temperatures of
2-20 keV. The desired accuracy fis 25X 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 1{ons to bombard a
windowless, cryogenically pumped gas 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 acceleratrr,

To avoid tritium contamination problems
until the equipment is thoroughly developed,
the i{nitial 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)*He measurements
will be performed last because of their
relatively greater difficulty.

Neutron, Charged-Particle, and Gamma-Ray
Emission Data

The need for more accurate emission data
for secondary neutrons, gamma-rays, and
charged-particles has become f{ncreasingly
evident with improvements in methods and codes
for neutron transport, heating, and radiation
damage calculations. Experimertal facilities
have been developed at LA>L and at the
Triangle Universities Nuclear Laboratory
(TUNL) for measuring neutron smission snectra
induced by neutrons in the MeV erergy rejion.
Thus far, measurements have been made for 6-
10-, and 14-MeV incident neutrons at LASL*®+¢l
for &Li, 7.4, ®Be, '°8, and 10, 4ind at
several energies between 8 and 14 MeV gt
TUNL4? for Fe, Cu, Ni, and Pb. Similarly,
neutron spectrum measurements have been male
at the Oak Ridge Electrun Linac Acceleraor
(ORELA)4Y for 7Li, Al, Ti, Cu, and Nb. An
example of neutron emissfon spectrum
measurement for ®Be s shown in Fig. 3.
These data have been incorporated {into an
evaluation® that differs significantly from
ENDF /8-V.

An extensive set of measurements of
gamma-ray emission spectra using the ORELA
white neutron source has been carried out at
0ak Ridge.43 These results gererally 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--ay spectrum measurements for mono-
energetic 14-MeV neutrons has been carried
out at LASLeY for a variety of materials.
These measurements have been very usefu) for
ganma-ray production evaluations, although
some discrepancies are known to exist between
the two sets uf data.

The information on charged-particle
emissfon cross sections and spectra s
decidedly tess abundant than for gamma rays.
Two experimental programs that deserve
special mention are recent helium production
cross-section measurements that utilize high
sensitivity mass spectrometry*® and charged-
particle emission spectrum measurements made
with magnetic quadrupole spectrometers, 48
These programs have provided data for several
materials of interest at E ¥ 15 MeV and
should be very useful 1in the future as more
enerpies and elemeiats are covered.

Nuclear Model Codes and Higher-Energy Data

Considerable progress has been made over
the past c(acade in development of nuclear-
mode! codes for use in complementing experi-
me..tal data 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-Feshhach/preequilibrium
model codes that are capable of handling the
numerous reaction channels that open in the
neutron energy range from 7 to 50C MeV. The
codes in most comnmon wuse 1in the United
States are GNASH,4® MHAUSER-5,%0 STAPRE®! and
TNG. %2 When care is taken to obtain physicaily
meaningful model parametnrs, these codes
have been quite successf.i in tying together
and extrapolating experimental information.
Such  calculatfons have the additional
advantage that energy conservation is built
into the models. It is expected that these
models will be a hey element in augmenting
experimental data in the 10-5C MeV region
for the FMIT facility.

Analyses covering the incident neutron
energy range from %3 to 40-50 MeV have
recently been carried out for M4'88fe B8%Co,
and B8'8ON{ at LASL using the GNASH code.
Neutren, gamma-ray, and proton emission
spectrs for 14-MeV neutrons incident on iron
from a single calculation® are compared to
experimental data44:48:v4 4 Fig 4. The
A?rcement is reasonable, especially con-
sidering *hat these measureinents were no:
used in determining the mode! parameters.



Results from the 5°Co analysis®® are compared
to measurements of (n,xn) cross sections in
Fig. 5, and the full ®%Co cross-section pre-
dictions to 50 Mev are shown in Fig. 6.

Covariances

A significant expansion of covariance
data occurred between ENDF/B Versions IV and
V. The number of ENDF/B-V general purpose
evaluations containing covariance cata 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
fnclude MW, SLi, 198, C, 14N, 160, 27Ap, Si,
Cr, Fe, Ni, and Pb. The covariances are
mainly for smooth cross sections and the
entire energy range is not covered in all
cases. Important omissions in the list of
materials are 7Li, Cu, anc the W fisotopes.
Additionally, there are no covariances for
angular distributions or secondary energy
distributions. Simplified, ad hoc analyses
of secondary energy distributions have been
performed for use in sensitivity analyses,1®
and the need for such data in evaluations fis
evident.

Summary Comments on Nuclear Data

In the above sections, we hLave high-
lighted some of the nuclear-data developments
of the pasi 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 7Li(n,n't) measurements; between 7
and 14 MeV, there are still large qaps in
most of the required data, especially neutron
and charged-particle emission spectra;
experimental data of any type are very sparse
between 15 and 50 MeV; reaction data for
neutrons fincident on radioactive nuclei are
virtually nonexistent; energy imbalance
problems are present in many ENDF/B-V evalu-
ations; significant deficiencies still exist
in theoretical model! codes and improvements
are needed; and the covariance data presently
available in ENDF/B-V is 1limited both 1n
quality and in the extent of reactions and
materials for which data are providnd.

SENSITIVITY AND UNCERTAINTY METHODS

Inaxtricably entwined with the assess-
ment of nuclear data needs and adequacy {s
the quantitative methodology known generically
as sensitivity analysis, but including both
sengitivity and uncertainty calculations.
The theory is founded on simple perturbation
aethods, with wide applications to fission
and fusion reactors. A recent expesition®®

gives an excellent summary of numerous appli-
cations of ordinary and generalized perturba-
tion theory. Specific fusion reactor appli-
cations usually require only the inhomo-
geneous source case, and have been reviewed
extensively $7:%8 An exception to the inhomo-
geneous source restriction occurs for fusion/
fission hybrid reactor analysis.®9'60 Because
of the extensive review literature available,
the present discussion is confined to (1) the
recently reteased SENSIT code; (2) secondary
energy and angle distribution sensitivity;
and (3) 2-D sensitivity analysis.

A latest generation sensitivity code,
SENSIT,®! 4s currently operational on the
NMFECC network. The code 1is specifically
tailored for fusion reactor sensitivity and
uncertainty analyses, both for cross-section
errors and design perturbations. Included in
the cross-section category is the capability
to compute sensitivities and uncertainties
caused by secoiidary-neutron energy and zngle
distribution errors.®2 As has been shown in
a comprehensive analysis for a fusion
reactor,!® the secondary-en.rgy-distribution
(SED) contribution to response uncertainties
is generally lower than that from cross-
section uncertainties, but not negligible.
fFor the TNS design analyzed in Ref. 10, the
overall uncertainties in TF-coil dpa were 72%
and 33% (at the 68% confidence level) froum

cross-section and SED uncertainties,
respectively.
Capabilities for design sensitivity

analysis have yeu to be exploited exten-
sively., Effects on various nucleonic design
parameters (e.g., dpa and kerma) can be
easily determined for small perturbations in
blarket/shield region dimensions, densities,
material compositions, etc. Such analyses
with a design sensitivity code could readily
be adapted to shield optimization studies.

Two-dimensional sensitivity analyses have
not yet been warranted for fusion reactor
studies, mostly because of the conceptual
nature (and therefore lack of detail) of gsuch
designs. However, the ETF project or fits
sequel (FED) will provide a requirement for
such mnalyses in the next few years, as the
shizid designs firm. Some capability l]rcadx
exists for 2-D cross-section sensitivity, b6+
and has been applied to a preanalysis of the
ORNL fusion reactor shielding erperiments.®¢
For this particular applicaticn, the adequacy
of a 1-D sensitivity study was demonstrated
by comparison with the 2-D analysis. As fis
the case for 1-D, the 2-D methods and codes
are readily extendable to design seniitivity
and shield optimization when required.

TRANSPORT METHODS AND CODES

Erxtensive work to improve neintron/gamme:
ray transport numerical methods has been per-



formed in the last few years. An adequate
review, however, is beyond the scope of this
paper. Thus, we will confine ourselves to
brief discussions of some major new methods,
codes or cod: versions of particular interest
to the fusion zommunity.

One-dimeiisional discrete-ordinates codes
are the workhorses of the routine, but very
important, blanket/shield design tradeoff
studies. Such codes are long established,
but still have been greatly improved in
recent years. Some of these improvements
nave consisted of correcting esoteric
anomolies of the solution algorithms, but
others have provided wmore stable and/or
accelerated solut.ons to the majority of
typical fusion reactor transport spplications.
In the latter category is the diffusion syn-
thetic acceleration technigue employed in “he
ONEOANT code.2? Thic acceleration technique
is increasingly effective as a transport
problem approaches one amenable to diffusion
theory, so 1its value may be greatest in
fusion/fissfon  hybrid  reactor analysis
Typical reductions of the solution times,
exclusive of input and edit data processing,
are & factor of 2 to 5, depending on the
problem spectra, source distribution, scat-
tering-to-absorption ratios, etc. Another
recent enhancement of ONECANT, specificallv
included for neutral-atom transport analysis,
is a genera)l albedo boundary conditiovn allow-
ing returning particles in all anergy groups.

Reductions in computation time have their
greatest payoff in 2-D transport codes, which
typically run about two orders of magnitude
longer times than 1-D codes. One such 2-D
code, TWODANT, s scheduled for release in
about 8 year. Realistic test problems®® with
a preliminary version of the code in use at
LASL, TWOTRAN-DA, also have shown reduced
computation times by tactors of 2 to 5.

Another 2-D discrete-ordinates code of
direct interest to the fusion reactor commu-
nity {s TRIDENT-CTR. Although this tri-
angular-mesh code has been available for some
time on the NMFECC, it has been continually
undergoing ‘mprovement as new and challenging
fusion reactor nurleonic problems arise (e.g.,
cf. other papars in this Session dealing with
applications of TRIDENT-CTR to ETF and EBTR).
For example, the code now allows internasl
boundary sources (such as the walls of NBI
or vacuum ducts) and is linked to ¢ surface
source produced by a Monte Carlo code. The
required linking to Monte Carlo output
‘1lustrates a current shortcoming of all
discrete-ordinates codes; viz, the streaming
effects problem in large void regions.
Development efforts for discre.e-ordinates
code applications to fusion problems are now
directed mainly to this shortcomin?. Efforts
to smelinrate the numerical _treaming effects

are being undertaken in what is called deter-
ministic streaming methods. One such method
that shows considerable promise of short-term
payoff is being actively pursued®® for x-y and
r-2 geometries. Plans are to extend the
wethod from the presently developed orthogonal
meshes to triangular meshes, for ultimate
incorporation {into TRIDENT-CTR. implementa-
tion of deterministic streaming methodology
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 hzs lain dormant for the last two years,
since the completion o7 the THREETRAN and
THREETRAN(hex,2)8" codes.* However, interest
in extending these codes has been shown in
the statement uf ETF supportirg R&D needs,?’
where analysis of divertor coil shields
raquires such capability. Adaptation of
the 3-D codes to the selected specialized
fusion applications (which could include
neutral-atom transport in divertors or
limiters) could probably best be done on an
ad hoc basi However, additional code
deveTopment would be required beforehand to
extend the capabiliti>: to Py scattering and
increaserd convergence acceleration.

Recent developments in HMonte C(Carlo
methods and codes were discussed extensively
“t the April 1980 RSIC Monte Carlo Theory
and Application Seminar-Workshop, the pro-
eedings of which were published as ORNL/
RGIC-44, Most fusion applications have
involved MCNP, MORSE or TARTNP., Evolution-
sry improvements in the first two codes were
covered in papers at the sbovementioned
seminar, and cannot be reviewed in detai)
within the scope of this paper. However, as
s generalization it appears that progress has
occurred on two fronts which were recommendec
by various fusion resctor nucleonics Working
Groups. First, more wuser-oriented input
n Jules (e.g., geometry specifications) and
code wanuals are appearing, and, second,
useful "event" information is being computed
and e¢dited to improve the user's understanding
of the physics of the problem solution as it
progresses. Research has continued on
improved biasing techniques and protocols
for employlng the techniques!®'88:49 gy
littlie progress has occurred in automating
selection of, for example, exponential-bias
or splitting parameters in production codes

"These codes wow provide only the rudimentary
capsbility to generate virtually unaccele-
rated solutions for P, scattering.



In summary, we have attempted to review
recent cevelopments in transport codes, with-
out necessarily commenting on the adequacy
of the effort as compared to the needs.
Another paper?? at this meeting addresses
the status and needs questions. It is our
observation that the present pace of develcp-
ment is {inadequate for even the well-defined
needs, without accounting fyr the unpredicted
requirements which {nevitably evolve as
projects such as ETF approach a detailed
design stage.
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