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Advanced Monte Carlo for Reactor Physics Core Analysis
Workshop for PHYSOR-2012,  Knoxville TN,  15 April 2012

  Forrest Brown (LANL),  Brian Kiedrowski (LANL), David Brown (BNL),
William Martin (Michigan), David Griesheimer (BAPL)

Monte Carlo criticality calculations are performed routinely on large, complex models for
reactor physics core analysis.  This workshop provides an introduction to some of the key
issues for code developers and reactor analysts, a description of the recent release of the
ENDF/B-VII.1 nuclear data, and a review of current and future Monte Carlo code capabilities
for mulltiphysics calculations. The workshop includes university and national laboratory
perspectives. It should benefit both Monte Carlo practitioners and developers.

 Monte Carlo Methods & Advanced Computing – F. Brown, B. Kiedrowski

 Release of the ENDF/B-VII.1 Evaluated Nuclear Data File – D. Brown

 Multiphysics Reactor Calculations – W. Martin, D. Griesheimer

 physor 2012 - monte carlo workshop
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Forrest Brown & Brian Kiedrowski (LANL)
Monte Carlo methods & advanced computing
Recent developments – OTF Doppler, population diagnostics,
         alternate eigenvalues, sensitivites

David Brown (BNL)
Release of the ENDF/B-VII.1 Evaluated Nuclear Data File
Advances in the 5 years since ENDF/B-VII.0
Early examples of ENDF/B-VII.1 in applications

William Martin (Michigan), David Griesheimer (BAPL)
Prospects for full-core Monte Carlo simulation

including multiphysics feedback
MC21 & multiphysics coupling

 physor 2012 - monte carlo workshop
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• Monte Carlo & Advanced Computers

• MCNP & Reactor Design

• On-The-Fly Doppler Broadening

• Population Size & Fission Source Coverage

• Alternate Eigenvalues for Criticality Searches

• Time Absorption Eigenvalues

• Continuous-Energy Nuclear Data Sensitivities

• Boundary Sensitivities
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• Monte Carlo is inherently parallel, on histories

– MCNP
• Hierarchical parallelism, history-based
• MPI to compute nodes,    OpenMP threads for cores on node

– MPI
• Standard,   portable,   easy to implement in codes,   private address space
• Storage hog – canʼt share memory among MPI processes

– OpenMP threading
• Standard,   portable,   tricky to implement,   shared address space
• Can easily share common data – geometry, xsecs, tallies
• Fully supported by only a few compilers (eg, Intel)

MPI

OpenMP
Nodes

cpu-cores
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• Challenges

– Todayʼs models are very large
• Detailed geometry, CSG or meshes with Ms of regions
• Large, detailed continuous-energy xsec data
• Huge number of tallies – regions, isotopes, reactions, depletion
• Multiphysics coupling – very many temperatures & densities
• Problem memory requirements  >  memory on compute node

– Data management for multiphysics
• Match-up  temperatures, number densities, heat production, .....,

for Ms of regions between MC, depletion, CFD, mechanical, .....
• Old-fashioned method  (read/write from disk files) does not work well on todayʼs

large parallel clusters

– Heterogeneous computing
• GPUs & Many-core,  vs  traditional cpus
• Requires extensive recoding
• Huge bottleneck – data motion among heterogeneous processors
• Scaling to Ms of cpu-cores
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    Spatial domain decomposition
• Partition problem (spatially) into blocks,

store only data needed for block
• Move particles (and their state) among

blocks as needed
• Solves memory issue, but creates difficulties

for tallies, code complexity, load balancing,
and communications overhead

• To date, most codes and R&D have focused
on domain decomposition

Data decomposition
• Spread out data among nodes, use

remote memory puts/gets to access
• Particles stay on node, move data to

particles as needed
• Solves memory issue, but creates

difficulties for communications overhead

Collect
Problem
Results

Decompose
problem into

spatial domains

Follow histories in each domain
in parallel, move particles to

new domains as needed
Data
Node

Data
Node

Data
Node

Parallel
Calculation

Data
Layer

Particle
Node

Particle
Node

Particle
Node

Particle
Node

Master
Process

Memory size issues
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Data management for multiphysics

• Match-up  temperatures, number densities, heat production, .....,
for Ms of regions between MC, depletion, CFD, mechanical, .....

– Old-fashioned method  (read/write from disk files) does not work well on
todayʼs large parallel cluster

– Possible solutions
• Data & dataset manager software
• Framework,  with methods for storing, retrieving, interchanging datasets

• See Martin-Griesheimer talks
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Heterogeneous computing

• GPUs
– Methods from 1980s vector MC apply   (well-known, extensive recoding)
– Need double-precision + SECDED,   slower than PR peak speeds
– Major difficulty:     managing data flow between cpu & gpu

• Could be handled similar to old fashioned disk i/o
• Buffering,  with asynchronous   read-ahead / write-behind

• MICs - many integrated cores
– 100s or 1000s of cores per processor
– Need to re-examine threading locks & thread-private storage
– No major obstacles

• Challenges
– Huge bottleneck – data motion among heterogeneous processors
– Scaling to Ms of cpu-cores
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• MCNP5 is widely used & well respected – detailed geometry,
detailed continuous-energy physics, long V&V history, etc.

• MCNP6 promises all of that & much more.

• There is a huge difference between a research-oriented
benchmarking MC code & a production tool for serious reactor
design

• What does MCNP need for reactor design applications, including
multiphysics?

• Some proposals follow.    Email us regarding others.
 (Send  $$$ or beer  if you really want something...)
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• Criticality searches
– Rod height & other geometry changes
– Soluble boron
– Buckling

• Self-consistent equilibrium Xenon
– For depletion, power shape & Xenon distributions must be consistent
– Improves robustness & stability, permits longer timesteps
– Can adjust Xenon spatially during Keff iterations  (mildly nonlinear)

• Temperature distributions
– Need to permit mesh or continuous temperature maps
– Independent of cell-based geometry

• Resonance scattering free-gas treatment at epithermal energies
– Demonstrated, needs production implementation
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• Sensible units
– Degrees K for temperatures   (not MeV)
– Seconds for time    (not shakes)

• Features for tallies
– Combinations of several tallies
– Ratios of tallies
– Kernel density estimators (KDE)

• Features for easy generation of multigroup cross-sections
– Could use MCNP to generate few-group xsecs, to use in nodal codes
– Tallies for group-to-group scattering

• Library of standard materials
– Standard, common material definitions
– Permit mixing of materials
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• More robust tracking
– Background material to handle gaps in geometry
– Fixup for gaps/overlaps
– Improved “locate” operation, using ray-trace instead of cell-search

• Improved problem setup
– More user-friendly input
– Input setup does not use parallel threads
– Many input setup & checking routines scale as N2 or N3, need rework

• Improved output
– Reduce huge amount of unwanted, unneeded output

• Standard file formats for problem input (or linkage), & standard file
formats for problem tally results (or linkage)
– Including complete descriptions of all file formats
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• Reactor depletion, using built-in CINDER
– Branch calculations for depletion
– Standard output files for each timestep
– Easier control over depletion chains & isotopes
– Improved predictor-corrector scheme
– Equilibrium Xenon
– Etc.

• Automated weight-window generation
– Eliminate need for multiple runs, with manual editing, etc.

• Improved parallel processing efficiency for large reactor
caclulations

• Simpler, automated setup for TRISO fuel particles

• Sensitivity/uncertainty (or perturbation) techniques that include all
types of continuous-energy scattering

• Delayed-neutrons in alpha-eigenvalue calculations
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On-The-Fly Neutron
Doppler Broadening

for MCNP

Forrest Brown (LANL), William Martin (Michigan),
Gokhan Yesilyurt (ANL), Scott Wilderman (Michigan)

US DOE  NE-UP Project
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Introduction

Doppler Broadening

Temperature Variation in
Monte Carlo Codes
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• Low neutron energies:
– S(α,β) interaction data is used in modeling collision physics

• 2002 data: 10-5 eV  -  4.46 eV   neutron energies     (15 nuclides)
• 2012 data: 10-5 eV  -  9.15 eV   neutron energies     (20 nuclides)

– S(α,β) data accounts for target nucleus chemical binding, molecular
binding, crystal structure, thermal motion, etc.

– Nuclides without S(α,β) data:    use free-gas model (see below)

• High neutron energies:
– Target nucleus thermal motion neglected
– Typical: Eneutron > 400 kT    for A>1

• Epithermal neutron energies:
– Target nucleus thermal motion important
– Free-gas model -- nuclides have Maxwell-Boltzmann energy

distribution at temperature T, isotropic direction

f(Enuc ) =
2
!
"
1
kT

"
Enuc

kT
#
$%

&
'(
1/ 2

e)Enuc / kT
Gamma( kT, 3/2 ),
     mean = 1.5 kT
     mode =   .5 kT
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• Detailed kinematics of collisions must include nucleus E & Ω

• For free-flight, selection of collision isotope, & tallies of overall reactions:
must use effective cross-sections,  averaged over  (E, Ω)  distribution of
nuclides at temperature T

 
 Doppler broadening equation       v = neutron, V=nucleus

This is a convolution of the cross-section with the target energy or speed distribution.
Smears out & smoothes the cross-section, reduces peak values.

Free-flight distance
to next collision, s

Collision isotope,
Reaction type,
Exit E'  &  (u',v',w'),
Secondary particles
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• ENDF/B nuclear data is represented by piecewise-linear tabulation of σ(E)

• Doppler Broadened Neutron Cross-sections

– Red Cullen (NSE, 1976) showed how to exactly perform this convolution of
Maxwell Boltzmann PDF with piecewise-linear σ(E), called sigma1 method

– NJOY code is similar & adaptively chooses energy points to meet 0.1%
accuracy in σeff at T

–  σeff(E) has different E-mesh at different Tʼs

– Very compute-intensive, typically performed prior to Monte Carlo in
preparing nuclear data libraries

Doppler Broadening - Numerics
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Typically, a linearization 
tolerance of 0.1% is used
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NJOY – adaptive E grid for 238U Doppler broadening    (ENDF/B-VI)
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What if there are 1000s of T's ?
Six approaches:
1. Traditional NJOY+MC   (exact)
• NJOY data at specific problem Tʼs
• Each MC region in MC uses specific pre-

broadened data
• Exact,   very cumbersome,

very large amount of xsec data

2. Traditional NJOY+MC   (approx.)
• Like (1), but round off Tʼs to nearest 10-20o

• Aproximate, very cumbersome,
very large amount of xsec data

3. Stochastic Mixing   (approx)
• NJOY data at a few bounding Tʼs
• Set up MC input with a mix of hot & cold data for

each nuclide, such that average T for the mix
matches region T

• Run MC, will sometimes get "hot" data,
sometimes "cold", average is OK

• Approximate, cumbersome,
very large amount of xsec data

(OTF = On-The-Fly)

4. OTF Sigma1 (Monk)
• Use only 1 set of NJOY datafiles
• During MC, use sigma1 method to broaden

data as needed
• Exact, but very expensive,

~10x increase in computer time

5. OTF Using Delta-Track (Serpent)
• Use only 1 set of NJOY datafiles
• During MC, use delta-tracking rejection

method to broaden data as needed
• Cannot do pathlength MC estimators or

flux at a point estimators
• Exact, but complex & expensive,

~4x increase in computer time

6. OTF Temp. Fitted Data (MCNP)
• Use only 1 set of NJOY datafiles
• Prior to MC, generate OTF datasets to handle

temperature variation
• During MC, Doppler broaden as needed using

fitting data
• Exact, extra data for T-fits,

~1.1x increase in computer time
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• Conventional MCNP problem specification:
– Temperatures are assigned to cells (geometry regions)
– Materials are assigned to cells
– Doppler broadening for temperature T is performed on nuclides
– Materials are composed of nuclides

– Cumbersome  for 1,000+
cells/materials/temperatures/nuclides

– Many GB of xsec data

(1) Exact, number of datasets = number of Tʼs
(2) Approx., match cell T to closest material with nuclides at Tʼ

Cell

T Material
Nuclide 1, T

Nuclide 2, T

Nuclide 3, T

ENDF/B files, 0 K

NJOY
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• Often loosely called "stochastic interpolation" or "interpolation"
• This is simply mixing, not interpolation

• MCNP input example:

– Want this at 500 K:        m1000     92235  -.93      92238  -.07

– Have these datasets from NJOY:
92235.91c  at 300 K,     92238.91c  at 300 K
92235.92c  at 600 K, 92238.92c  at 600 K

– For mixing linear in T,  mix 2/3 of 300 K data + 1/3 of 600 K data

m1000 92235.91c   -.62        92238.91c   -.0466667
92235.92c   -.31        92238.92c   -.0233333

• Cumbersome  for 1,000+
cells/materials/temperatures/nuclides     (could be scripted…..)

• Many GB of xsec data,   2x nuclides,   complex input
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(4) OTF Sigma1
– Recently implemented in MONK
– Numerical sigma1 method OTF during neutron tracking
– Increases overall runtime by ~10x
– See Davies paper from ICNC-2011

(5) OTF Delta-tracking
– Currently being tested in Serpent
– Very elegant & innovative, very promising
– Increases overall runtime by ~2-4x,  may improve
– Does not fit with many conventional MC schemes:

• No pathlength estimators
• No point-detector (flux at a point) tallies
• No reaction rate tallies (at present)
• Requires radical revisions to codes such as MCNP

– See Viitanen & Leppanen paper from PHYSOR-2012

(6) OTF for MCNP  -- rest of talk
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OTF Doppler Broadening
in MCNP

OTF Methodology
Union Energy Mesh
Temperature Fitting

OTF Doppler in MCNP
Testing

Work-in-Progress
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• OTF Methodology  (for each nuclide)
– Create union energy grid for a range of temperatures
– Create fits for σeff(T,E), for range of temperatures, on union E-grid
– MCNP – evaluate σeff(T,E)  OTF during simulation

• Comments
– Target application, for now:       reactors

– Relies on NJOY methodology
• Supplements & extends NJOY
• Methodology consistent with NJOY

– Fitting  σ vs temperature    (at each E)
• High precision, least squares with singular value decomposition
• Adaptive       (for each E, MT, & nuclide)
• Explicit, direct error checking for fits -    fit error < linearization tolerance
• Threaded parallel,  broadening routines called millions of times
• Over temperature, maintains accuracy consistent with NJOY
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• For 1 nuclide, determine:
– MT numbers for reactions to be broadened
– Energy range for broadening,  Emin - Emax

• Up to start of unresolved data, or high-threshold reactions (whichever smaller)
– Temperature range Tmin – Tmax & interval ΔT for tolerance testing (input)
– Base set of σx(e)ʼs from NJOY at Tbase

• “x” = any MT reaction that needs broadening
•  ACE data file from NJOY:           Yesilyurt:  Tbase=0 K,      Brown:  Tbase=293.6 K

– Energy grid from NJOY at Tmin

• For 1 nuclide & a set of Tʼs in range, at each T:
– Adaptively add E points so that 0.1% linear tolerance is maintained

• Exact Doppler broadening from Tbase to T, using sigma1 method
• Check all broadened MT reaction data for each E interval
• Subdivide E interval until 0.1% linearization tolerance met for  all  MTʼs
• Add E points as needed, do not remove E points

– Compute-intensive – millions of calls to sigma1 routine, parallel threads
– Typically expands number of E points by ~10%, for  293-3200 K range
– Result:    union E-grid for nuclide,  0.1% linear tolerance over entire T range
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Functional forms for temperature fitting based on multilevel
 Adler-Adler model,   with expansions for peak, mid-res, wings

 

Near resonance peaks:

!T,C,F(T) ! dk

Tk/ 2
k=0

"

#

 

Mid resonance:

!T,C,F(T) ! ekTk/ 2

k=0

"

#

 

Wings of resonance:

!T,C,F(T) ! fkTk

k=0

"

#

Combined functional form:

!T,C,F(T) ~
ak
Tk/ 2

k=1

n

" + bkT
k/ 2 + c

k=1

n

"

• for specific  E, MT 
• n varies for E, MT 
• ak, bk, c tabulated for E, MT

E
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• For 1 nuclide, determine:
– MT numbers for reactions to be broadened
– Energy range for broadening,  Emin - Emax

• Up to start of unresolved data, or high-threshold reactions (whichever smaller)
– Temperature range Tmin – Tmax & interval ΔT for tolerance testing (input)
– Base set of σx(e)ʼs from NJOY at Tbase

• “x” = any MT reaction that needs broadening
•  ACE data file from NJOY:       Yesilyurt:  Tbase=0 K,     Brown:  Tbase=293.6 K

– Union energy grid for this nuclide & T range
– Maximum order for temperature fitting

• Adler-Adler based functional form, using powers of T1/2 and 1/T1/2

• For 1 nuclide, at each point in the union E grid:
– Exact Doppler broadening from Tbase to all Tʼs in range, using sigma1 method
– Least-squares fitting over T

• Singular value decomposition, least squares for temperature dependence
• Fitting order chosen adaptively for each energy & reaction so that fits accurate

within 0.1% for all Tʼs and all Eʼs in range, for all MTʼs
– Coefficients saved in files for MCNP use
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• At problem setup, read in OTF data for various nuclides
– Each OTF nuclide set can have different fit orders & union E-grid & reactions

• During simulation, if neutron in E-T range of fits
– Use OTF data for each nuclide to create on-the-fly Doppler broadened cross-sections

at current cell temperature
– If outside E-T range of OTF data, use standard ACE data
– Collision physics (exit E & angles) uses standard ACE data

• Only need to generate OTF datasets once, & then use for any problems

• Cost
– Extra storage for OTF data
– Extra computing for evaluating OTF functions        (typical <10% runtime)

• Benefit
– Less storage for ACE data (no need for multiple temperatures)
– Can solve problems with 1000s of Tʼs or more, no limit
– Greatly simplifies problem setup
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• Doppler Reactivity Benchmark
– Compare k-effective for HZP (hot, zero power) and HFP (hot, full power)

conditions for a unit fuel cell typical of a PWR
– Basic model:

• PWR fuel pin cell with reflecting BCs,   various enrichments
• HZP cases:    fuel at 600K,   clad/moderator at 600K
• HFP cases:    fuel at 900K,   clad/moderator at 600K
• Uniform temperature within each fuel, clad, moderator region.
• Number densities and dimensions adjusted for the HFP thermal expansion
• 5M active neutron histories per each of 28 MCNP runs

– NJOY+MCNP: NJOY-broadened data at exact temperatures
– OTF+MCNP: OTF data for   16O,  234U,  235U,   238U  in fuel

– OTF details
• For union E-grid:    Tbase=293.6K, T range 300-1000K,   ΔT=100K
• For OTF fitting:       8th order, T range 300-1000K, ΔT=10K
• For general production use, would use larger T range & smaller ΔTʼs
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                         HZP     HFP           Doppler Coef.
                                                      pcm/K
  UO2 fuel pin NJOY+MCNP     0.66556 (18)   0.65979 (19)   -4.38 (.20)
  0.711% enrichment OTF+MCNP      0.66567 (18)   0.66022 (19)   -4.13 (.20)

  UO2 fuel pin NJOY+MCNP     0.96094 (26)   0.95293 (25)   -2.92 (.13)
  1.60% enrichment OTF+MCNP      0.96026 (24)   0.95283 (23)   -2.71 (.13)

  UO2 fuel pin NJOY+MCNP     1.09912 (27)   1.08997 (26)   -2.55 (.10)
  2.40% enrichment OTF+MCNP      1.09923 (27)   1.08975 (28)   -2.64 (.10)

  UO2 fuel pin NJOY+MCNP     1.17718 (27)   1.16744 (27)   -2.36 (.09)
  3.10%  enrichment OTF+MCNP      1.17703 (30)   1.16767 (30)   -2.27 (.10)

  UO2 fuel pin NJOY+MCNP     1.23967 (27)   1.22920 (30)   -2.29 (.09)
  3.90% enrichment OTF+MCNP      1.23953 (29)   1.22979 (29)   -2.13 (.09)

  UO2 fuel pin NJOY+MCNP     1.27501 (30)   1.26526 (27)   -2.01 (.09)
  4.50% enrichment OTF+MCNP      1.27534 (29)   1.26552 (29)   -2.03 (.09)

  UO2 fuel pin NJOY+MCNP     1.29901 (31)   1.28920 (29)   -1.95 (.08)
  5.00% enrichment OTF+MCNP      1.29907 (28)   1.28938 (29)   -1.93 (.08)

ρ =  (  1 / KHZP   -   1 / KHFP  ) x  105 / 300       pcm/K
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• Simplified PWR 15 x 15 fuel assembly, with varying temperatures

– From OECD/NEA fuel storage vault benchmark
• Fuel = 900 K, 600 K, 300 K
• Clad = 900 K, 600 K, 300 K
• Water = 600 K, 300 K
• Outer iron rack = 293.6K

– Standard NJOY+MCNP5:
• ACE data at explicit temperatures

– OTF+MCNP5
• use 293.6K ACE data for all nuclides
• OTF data for all nuclides (except iron)

– MCNP5
• 20,000 neutrons/cycle,
• 10 inactive cycles, 1000 active cycle
• Reflecting BCs Fuel=900K, clad=900K, mod=600K

Fuel=600K, clad=600K, mod=600K
Fuel=300K, clad=300K, mod=300K
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k-effective:
    STD 1.11599  (15)
    OTF 1.11592  (15)

   900K    600K    300K
Total fission

STD  .045140 (.08%)  .161186 (.04%)  .248782 (.03%)
    OTF  .045081 (.08%)  .161329 (.04%)  .248731 (.03%)
Total capture in fuel

STD .027672 (.09%)  .096276 (.05%)  .116745 (.04%)
    OTF .027667 (.09%)  .096268 (.05%)  .116829 (.04%)
 U235  capture in fuel

STD .008993 (.08%)  .031910 (.04%)  .045998 (.03%)
    OTF  .008983 (.08%)  .031932 (.04%)  .045987 (.03%)
U238  capture in fuel

STD  .018547 (.11%)  .063887 (.06%)  .070236 (.05%)
    OTF  .018551 (.11%)  .063858 (.06%)  .070332 (.05%)
O16   capture in fuel

STD 1.15E-04 (.23%) 4.18E-04 (.14%) 4.37E-04 (.13%)
    OTF 1.15E-04 (.23%) 4.16E-04 (.14%) 4.37E-04 (.13%)

Fuel=900K, clad=900K, mod=600K
Fuel=600K, clad=600K, mod=600K
Fuel=300K, clad=300K, mod=300K
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• Better integration into MCNP     (optimization)

• FIT_OTF fitting program
– Investigate scaling & Chebychev, for better numerical stability
– Investigate regression, to vary fit order by energy & reaction [done]

• U. Michigan work
– Create OTF libraries for all nuclides in ENDF/B-VII.0
– Test various applications:  fuel assemblies, 3D whole core, LWR, HTGR, ...

• Methodology for Unresolved Resonances & S(α,β) data
– Probable 1st cut – tables with temperature interpolation
– Possible thesis topic for PhD student

• Implement corrected free-gas scatter model
– Demonstrated, needs robust implementation

• Easy to extend to any temperature range
– Need to investigate broadening for high-threshold reactions
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Population Size
and

Fission Source Coverage
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• Classical analysis of issues has the assumption
The population is sufficiently large such that all
relevant regions of the problem are adequately
sampled each iteration

• Interplay between batch size and number of batches

• Different issue than renormalization bias

• Typically problematic in loosely-coupled systems
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• Tally scoring density function changes each cycle
– Result of stochastic noise in the fission source

Amount of variation in source depends on batch size
– Tally scoring density function mean within an individual

cycle is biased by noise
Infinite samples from a fission source calculated by a
finite sample will yield wrong result!

– Need to sample numerous fission sources to get correct
tally mean

• How large is enough?
– Depends on the desired result

Highly-localized quantities magnify issues
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• Bias results from renormalization of the fission source
based on a random variable
– Random variation is such that calculated k with be lower

than the true k
– The bias is inversely proportional to the batch size
– Issue typically disappears for batch sizes > 10K

• Undersampling and coverage deal with failure to sufficiently
sample the phase space in a way that biases the results
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• Two rooms one containing Jezebel (critical) and a
subcritical array of cans of plutonium nitrate solution

• Rooms separated by 1 meter of concrete or a hallway

• Bad source guess: all neutrons in the plutonium nitrate cans
(500 inactive cycles, 1000 total)

• Run 25 independent random trials with various batch sizes
and observe convergence in k
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XCP-3, LANLDiscussion of Results

• Bad source guess may yield bad results, even if many
cycles are skipped

Good guess produces correct results consistently

• Source converges on average at a constant rate, but
has randomness

Bad guesses in tricky problems show this

• Problem is difficult because the communication to
Jezebel is weak
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• Automated placement routine based on distance between
fission points

• Provides a more robust estimate of sampling fissionable
material

• KDEs can be used to compute Shannon entropy as well
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Problem Sample 99.9% 99% w/ Rel. Unc. < 10%

Godiva < 20k ~ 1 M

3-D PWR Full Core 440 k 8.8 M

K-eff of the World < 20k 6.6 M

OECD Fuel Pool >> 100 M >> 100 M
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Alternate Eigenvalues
for

Criticality Searches
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• Typically, reactors operate at criticality

• Temperature and depletion effects generally perturb
the system from criticality
– Must use control mechanism to readjust
– Otherwise spectrum is biased

• Multiple iterations typically needed
– May be costly with Monte Carlo
– Concern for statistical noise from random process
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Monte Carlo Codes
XCP-3, LANLCriticality and Eigenvalues

• Steady-state solution of neutron transport equation desired
– Apply a multiplicative factor (eigenvalue)

to one (or more) of the terms to achieve balance

• k-eigenvalue equation (fission)

• c-eigenvalue equation (collisions)

• δ-eigenvalue equation (leakage)
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"F "#
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• A generation is redefined as a collision producing any
neutrons (including scattering)
– Power iteration method in MCNP otherwise unchanged

• Effects on a calculation for reactors
– Bad: More cycles required for source convergence

(spectrum now more important) and greater inter-cycle
correlation

– Good: Cycles very short and, if numbers of collisions is
large, such as in an LWR, less statistical noise
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k c Gain

Reflected
Sphere 0.9955 0.9954 31

Pu Soln.
Can Array 0.9866 0.9989 60

Full-Core
PWR 0.9992 0.9986 200
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Time-Absorption Eigenvalues
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• Assume separation of time from spatial and momentum
variables in transport equation
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• In practice, it is difficult to solve for  α  directly

• Typical method: Solve for a different eigenvalue (k), and
find α that makes system critical

• Preliminary results:
 Using  c  to estimate  α  appears to have a FOM
 2-5 times higher than with  k  for certain systems

 

L + T ! S +
"
v

#
$%

&
'(
)* =

1
k
) !F(") )*

      L + T +
"
v

#
$%

&
'(
)*    =   1

c
) S + !F(")( ) )*

α  Eigenvalue Solution Schemes



6161

Monte Carlo Codes
XCP-3, LANL

Subcritical Prompt 
Supercritical

 c  vs  α  for Godiva Problem
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Continuous-Energy Nuclear
Data Sensitivities
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XCP-3, LANLC.E. Sensitivity Coefficients

• MCNP6 can compute continuous-energy sensitivity
coefficients to k

• Progress made on continuous-energy adjoint-based
perturbation theory methods for continuous-energy
sensitivity coefficients
– 2010: Fission, capture agree with TSUNAMI-3D,

scattering disagree
– 2012: Improved agreement for scattering for

individual isotopes
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• Results for B.T. Rearden Paraffin sphere problem:

Note: TSUNAMI-3D is 238-group ENDF/B-VI, whereas
MCNP6 uses continuous-energy ENDF/B-VII.0

TSUNAMI-3D MCNP6 Calc/Ref 2010
Calc/Ref

Total +3.314 x 10-1 +3.336 x 10-1 1.007 0.957

Capture -5.081 x 10-1 -4.995 x 10-1 0.983 0.988

Fission +3.964 x 10-1 +3.960 x 10-1 0.999 1.004

Elastic +4.115 x 10-1 +4.053 x 10-1 0.985 1.025

Inelastic +2.950 x 10-2 +2.882x 10-2 0.977 0.745

n,2n +1.032 x 10-3 +1.089 x 10-3 1.035 --
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Boundary Sensitivities
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• Dimensions and positions of various components in
benchmarks, experiments, systems, etc. are uncertain

• Can apply sensitivity theory to perform analysis
– Early theoretical work by Lewins (early 1960s)
– Later work by Rahnema on boundary perturbations (1980s)
– Sensitivity work with Sn by Favorite (Late 2000-2010s)
– Continuous-Energy Monte Carlo (Today)
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• Classic expression from sensitivity theory:

• Treat perturbation as a material substitution, defining
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• Take derivatives and rearrange to obtain convenient
grouping of terms:

• Here b is the variable for the interface location, B
subscript denotes the integral is over the contour being
perturbed
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Impact of change on
collision rate
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Impact of gain in scattered
neutrons from increasing

material on “-” side

Impact of loss in scattered
neutrons from decreasing

material on “+” side
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XCP-3, LANLDescription of terms

Impact of gain in fission
neutrons from increasing

material on “-” side

Impact of loss in fission
neutrons from decreasing

material on “+” side
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9.179 x 10-2  cm-1

1.716 x 10-2  cm-1

1.762 x 10-2  cm-1

6.291 x 10-3  cm-1

Total outer radius sensitivity: 1.329 x 10-1 cm-1

Simple sphere radius sensitivity: 1.341 x 10-1 cm-1 
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Release of the ENDF/B-VII.1 
Evaluated Nuclear Data File
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ENDF/B-VII.1 was released on 
Dec. 22, 2011

! ENDF/B is arguably most important 
nuclear data library for all nuclear 
applications

! Many more full evaluations in neutron 
sublibrary than in any other release
• ENDF/B-VII.0 contains 393 evaluations
• ENDF/B-VII.1 contains 423 evaluations

! Extensive collection of covariance 
data (190 evaluations)

! Library summarized in Dec. 2011 
issue of Nuclear Data Sheets

! See also http://www.nndc.bnl.gov/exfor/
endfb7.1.jsp

2
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Only four sublibraries updated;
Summarized in the “Big Paper”

3

ENDF/B-VII.1 Nuclear Data for Science and Technology:

Cross Sections, Covariances, Fission Product Yields and Decay Data
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(Received 12 July 2011; revised received 22 September 2011; accepted 17 October 2011)

The ENDF/B-VII.1 library is our latest recommended evaluated nuclear data file for use in nuclear science and
technology applications, and incorporates advances made in the five years since the release of ENDF/B-VII.0. These
advances focus on neutron cross sections, covariances, fission product yields and decay data, and represent work by
the US Cross Section Evaluation Working Group (CSEWG) in nuclear data evaluation that utilizes developments in
nuclear theory, modeling, simulation, and experiment.
The principal advances in the new library are: (1) An increase in the breadth of neutron reaction cross section coverage,
extending from 393 nuclides to 423 nuclides; (2) Covariance uncertainty data for 190 of the most important nuclides, as
documented in companion papers in this edition; (3) R-matrix analyses of neutron reactions on light nuclei, including
isotopes of He, Li, and Be; (4) Resonance parameter analyses at lower energies and statistical high energy reactions
for isotopes of Cl, K, Ti, V, Mn, Cr, Ni, Zr and W; (5) Modifications to thermal neutron reactions on fission products
(isotopes of Mo, Tc, Rh, Ag, Cs, Nd, Sm, Eu) and neutron absorber materials (Cd, Gd); (6) Improved minor actinide
evaluations for isotopes of U, Np, Pu, and Am (we are not making changes to the major actinides 235,238U and 239Pu
at this point, except for delayed neutron data and covariances, and instead we intend to update them after a further
period of research in experiment and theory), and our adoption of JENDL-4.0 evaluations for isotopes of Cm, Bk, Cf,
Es, Fm, and some other minor actinides; (7) Fission energy release evaluations; (8) Fission product yield advances for
fission-spectrum neutrons and 14 MeV neutrons incident on 239Pu; and (9) A new decay data sublibrary.
Integral validation testing of the ENDF/B-VII.1 library is provided for a variety of quantities: For nuclear criticality,
the VII.1 library maintains the generally-good performance seen for VII.0 for a wide range of MCNP simulations of
criticality benchmarks, with improved performance coming from new structural material evaluations, especially for
Ti, Mn, Cr, Zr and W. For Be we see some improvements although the fast assembly data appear to be mutually
inconsistent. Actinide cross section updates are also assessed through comparisons of fission and capture reaction rate
measurements in critical assemblies and fast reactors, and improvements are evident. Maxwellian-averaged capture
cross sections at 30 keV are also provided for astrophysics applications.
We describe the cross section evaluations that have been updated for ENDF/B-VII.1 and the measured data and
calculations that motivated the changes, and therefore this paper augments the ENDF/B-VII.0 publication [1].

*) Electronic address: mbchadwick@lanl.gov
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Library underwent 
comprehensive testing;
Summarized in “Benchmark Paper”

! “Do no harm”  -- If we had 
accurate results before, we must 
ensure we do not make them 
worse

! Did we improve poorly 
performing systems?  Can we 
attribute it to data 
improvements?

! Did something unexpected 
change?

4

ENDF/B-VII.1 Neutron Cross Section Data Testing with Critical Assembly
Benchmarks and Reactor Experiments

A. C. Kahler,1, ∗ R. E. MacFarlane,1 R. D. Mosteller,1 B. C. Kiedrowski,1 S. C. Frankle,1

M. B. Chadwick,1 R. D. McKnight,2 R. M. Lell,2 G. Palmiotti,3 H. Hiruta,3 M. Herman,4

R. Arcilla,4 S. F. Mughabghab,4 J. C. Sublet,5 A. Trkov,6 T. H. Trumbull,7 and M. Dunn8

1Los Alamos National Laboratory, Los Alamos, NM 87545, USA
2Argonne National Laboratory, Argonne, IL 60349, USA
3Idaho National Laboratory, Idaho Falls, ID 83415, USA
4Brookhaven National Laboratory, Upton, NY 11973, USA

5Culham Center for Fusion Energy, Abingdon, OX14 3DB, UK
6Jozef Stefan Institute, Jamova 39, 1000 Ljubljana, Slovenia

7Knolls Atomic Power Laboratory, Schenectady, NY 12309, USA
8Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA

(Received 9 August 2011; revised received 21 September 2011; accepted 17 October 2011)

The ENDF/B-VII.1 library is the latest revision to the United States’ Evaluated Nuclear Data
File (ENDF). The ENDF library is currently in its seventh generation, with ENDF/B-VII.0 being
released in 2006. This revision expands upon that library, including the addition of new evaluated
files (was 393 neutron files previously, now 423 including replacement of elemental vanadium and
zinc evaluations with isotopic evaluations) and extension or updating of many existing neutron data
files. Complete details are provided in the companion paper [1]. This paper focuses on how accu-
rately application libraries may be expected to perform in criticality calculations with these data.
Continuous energy cross section libraries, suitable for use with the MCNP Monte Carlo transport
code, have been generated and applied to a suite of nearly one thousand critical benchmark assem-
blies defined in the International Criticality Safety Benchmark Evaluation Project’s International
Handbook of Evaluated Criticality Safety Benchmark Experiments. This suite covers uranium and
plutonium fuel systems in a variety of forms such as metallic, oxide or solution, and under a va-
riety of spectral conditions, including unmoderated (i.e., bare), metal reflected and water or other
light element reflected. Assembly eigenvalues that were accurately predicted with ENDF/B-VII.0
cross sections such as unmoderated and uranium reflected 235U and 239Pu assemblies, HEU solution
systems and LEU oxide lattice systems that mimic commercial PWR configurations continue to be
accurately calculated with ENDF/B-VII.1 cross sections, and deficiencies in predicted eigenvalues
for assemblies containing selected materials, including titanium, manganese, cadmium and tungsten
are greatly reduced. Improvements are also confirmed for selected actinide reaction rates such as
236U, 238,242Pu and 241,243Am capture in fast systems. Other deficiencies, such as the overprediction
of Pu solution system critical eigenvalues and a decreasing trend in calculated eigenvalue for 233U
fueled systems as a function of Above-Thermal Fission Fraction remain. The comprehensive nature
of this critical benchmark suite and the generally accurate calculated eigenvalues obtained with
ENDF/B-VII.1 neutron cross sections support the conclusion that this is the most accurate general
purpose ENDF/B cross section library yet released to the technical community.
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Key fast and thermal 
benchmarks are unchanged

! These tests and all others in this talk are taken from the 
ICSBEP benchmark book

! Data processed with NJOY into ACE format
! Tests run with MCNP by A. Kahler, et al.
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E71 Regression 
Coefficients are 
identical to 
those obtained 
with E70 Cross 
Sections. 

Previous good 
results are 
retained (as 
expected). Thermal suite

Wednesday, April 11, 12



Generally, results are 
better for ENDF/B-VII.1

6  
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One of the main thrusts was the 
addition of covariance data;
They are detailed in 3 papers

7

Evaluated Nuclear Data Covariances: The Journey
From ENDF/B-VII.0 to ENDF/B-VII.1

Donald L. Smith∗1

1Argonne National Laboratory, 1710 Avenida Del Mundo #1506, Coronado, CA 92118, USA
(Received 24 June 2011; revised received 23 September 2011; accepted 9 October 2011)

Recent interest from data users on applications that utilize the uncertainties of evaluated nuclear
reaction data has stimulated the data evaluation community to focus on producing covariance data
to a far greater extent than ever before. Although some uncertainty information has been available
in the ENDF/B libraries since the 1970’s, this content has been fairly limited in scope, the quality
quite variable, and the use of covariance data confined to only a few application areas. Today,
covariance data are more widely and extensively utilized than ever before in neutron dosimetry,
in advanced fission reactor design studies, in nuclear criticality safety assessments, in national se-
curity applications, and even in certain fusion energy applications. The main problem that now
faces the ENDF/B evaluator community is that of providing covariances that are adequate both
in quantity and quality to meet the requirements of contemporary nuclear data users in a timely
manner. In broad terms, the approach pursued during the past several years has been to purge any
legacy covariance information contained in ENDF/B-VI.8 that was judged to be subpar, to include
in ENDF/B-VII.0 (released in 2006) only those covariance data deemed then to be of reasonable
quality for contemporary applications, and to subsequently devote as much effort as the available
time and resources allowed to producing additional covariance data of suitable scope and quality
for inclusion in ENDF/B-VII.1. Considerable attention has also been devoted during the five years
since the release of ENDF/B-VII.0 to examining and improving the methods used to produce co-
variance data from thermal energies up to the highest energies addressed in the ENDF/B library,
to processing these data in a robust fashion so that they can be utilized readily in contemporary
nuclear applications, and to developing convenient covariance data visualization capabilities. Other
papers included in this issue discuss in considerable detail various aspects of the data producer com-
munity’s efforts to improve the evaluation methods and to add covariance content to the ENDF/B
library. The present paper offers just a brief glimpse of these activities by drawing material from
covariance papers presented at meetings, workshops and international conferences during the past
five years. Highlighted are: advances in methods for producing and processing covariance data,
recently developed covariance visualization capabilities, and the development and implementation
of quality assurance (QA) requirements that should be satisfied for covariance data to be included
in ENDF/B-VII.1.
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Covariance matrix evaluations in the fast energy range were performed for a large number of
actinides, either using low-fidelity techniques or more sophisticated methods that rely on both
experimental data as well as model calculations. The latter covariance evaluations included in the
ENDF/B-VII.1 library are discussed for each actinide separately.
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I. INTRODUCTION

The process of evaluating nuclear data remains incom-
plete as long as no associated uncertainties are specified.
Because of the often intrinsically cumbersome nature of
the evaluation procedure, reasonable estimates of uncer-
tainty have eluded the data evaluators for quite some
time, except in specific situations for which the evalua-
tion relied on a least-square fit of experimental data only.

This situation has changed dramatically in the past
few years due to the availability of large computing ca-
pabilities as well as to a renewed interest in uncertainty
quantification (UQ). Modern computers have allowed nu-
clear model calculations used in evaluations in the fast
energy range to run very quickly, and therefore to be
run numerous times in order to study the sensitivity of
the results to small changes in input model parameters
around their evaluated central values. The strong re-
newed interest in UQ is driven by applications- nuclear
reactors, stockpile stewardship, etc, which now require a
more scientifically-based approach to their quantification
of safety, performance, and economic margins. For in-
stance, the recent COMMARA-2.0 33-group covariance
matrix library for advanced reactor applications [1] is
the result of a multi-year, multi-lab effort mostly funded
through the Advanced Fuel Cycle Initiative (AFCI) and
now the Fuel Cycle R&D (FCRD) Department of Energy
programs in the US.

At LANL, we started working on UQ for evaluated nu-
clear data about 6 years ago, just before the release of the
ENDF/B-VII.0 library [2]. This VII.0 library constitutes
a milestone in reliability, completeness and accuracy for
many nuclear data. However, it contains close to zero
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Neutron Cross Section Covariances for Structural Materials and Fission Products
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We describe neutron cross section covariances for 78 structural materials and fission products
produced for the new US evaluated nuclear reaction library ENDF/B-VII.1. Neutron incident
energies cover full range from 10−5 eV to 20 MeV and covariances are primarily provided for capture,
elastic and inelastic scattering as well as (n,2n). The list of materials follows priorities defined by
the Advanced Fuel Cycle Initiative, the major application being data adjustment for advanced
fast reactor systems. Thus, in addition to 28 structural materials and 49 fission products, the list
includes also 23Na which is important fast reactor coolant. Due to extensive amount of materials, we
adopted a variety of methodologies depending on the priority of a specific material. In the resolved
resonance region we primarily used resonance parameter uncertainties given in Atlas of Neutron
Resonances and either applied the kernel approximation to propagate these uncertainties into cross
section uncertainties or resorted to simplified estimates based on integral quantities. For several
priority materials we adopted MF32 covariances produced by SAMMY at ORNL, modified by us
by adding MF33 covariances to account for systematic uncertainties. In the fast neutron region
we resorted to three methods. The most sophisticated was EMPIRE-KALMAN method which
combines experimental data from EXFOR library with nuclear reaction modeling and least-squares
fitting. The two other methods used simplified estimates, either based on the propagation of nuclear
reaction model parameter uncertainties or on a dispersion analysis of central cross section values in
recent evaluated data files. All covariances were subject to quality assurance procedures adopted
recently by CSEWG. In addition, tools were developed to allow inspection of processed covariances
and computed integral quantities, and for comparing these values to data from the Atlas and the
astrophysics database KADoNiS.
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In addition to the incorporation of new and updated
data from ENSDF, the new ENDF/B-VII.1 contains a
number of modifications, additions and error resolutions,
compared with ENDF/B-VII.0. These include a more
thorough treatment of the atomic radiation, improved
Q value information, recent theoretical calculations of
the continuous spectrum from beta-delayed neutron emit-
ters, and new TAGS (Total Absorption Gamma-ray Spec-
troscopy) data.

Atomic radiation, X-rays and Auger electrons, are pro-
duced from the filling of atomic vacancies created in elec-
tron capture and electron conversion. A detailed de-
scription of these processes is important for nuclides for
which the main decay mode is electron capture. It is
also relevant in heavy deformed nuclei where gamma-ray
transitions are strongly converted, as well as in the de-
formed actinides where the gamma-ray transition energy
is smaller than the K binding energy. In ENDF/B-VII.0,
the atomic data included fluorescence yields, energies and
intensities taken from the 8th edition of the Table of Iso-
topes [259].

In the new ENDF/B-VII.1, the atomic data from the
Evaluated Atomic Data Library [260] developed by LLNL
was used, in a similar way to the calculations described
by Stepanek [261]. All the K-L, K-M and K-N as well
as the Lα, Lβ and Lγ X-rays are included. In addition,
the KLL, KLX, KXY, LLX, LMM, LMX, LXY, MMX,
and MXY average Auger electrons are also listed. The
electron conversion to atomic sub-shells was calculated
with the code BRICC [262].

An essential component of any decay process is the
total energy available for the decay (Q value). The pre-
vious ENDF/B-VII.0 makes use of the 2003 Audi mass
evaluation [263]. Since then, with the advent of multi-
ple Penning traps around the world, numerous masses
of both neutron and proton rich nuclei have been mea-
sured with very high precision. These are incorporated
into the 2009 and 2011 updates of the mass evaluation
and have been used in creating the ENDF/B-VII.1 decay
sublibrary. Changes in the overall Q value for a decay im-
pact the values of energy for electromagnetic radiation,
light particles, and heavy particles.

In some neutron rich nuclei, beta-decay followed by
neutron emission is an energetically favored decay mode.
The resulting neutron spectrum is very difficult to mea-
sure experimentally and data are available for only a se-
lect few cases. As this decay mode has particular rel-
evance for energy applications, ENDF/B-VII.1 includes
new theoretical calculations using the Cascading Gamma
Multiplicity (CGM) model of continuous gamma, beta,
and neutron spectra [264]. The calculations were per-
formed for beta-delayed neutron emitters which comprise
the thermal neutron fission fragment yield of 235U and
239Pu. The previous ENDF/B-VII.0 modeled the neu-
tron spectrum using Gross theory whereas in the present
calculations, a micro-macroscopic (QRPA) theory of the
beta-decay strength function is coupled with a statistical
modeling of the levels and continuum in the daughter nu-

FIG. 102: Decay heat multiplied by time for a single fission
event for 235U(n,f) at neutron thermal energy. Shown are the
electromagnetic (blue) and light particle (red) components of
the decay heat. ENDF/B-VII.1 values are compared with
experimental data [267].

cleus. Depending on the known available data, different
types of files were generated. For those nuclei where the
complete neutron spectrum is known, the neutron data
from ENDF/B-VI.8 was combined with the beta-decay
data in ENSDF, as in 136I. In cases where only a portion
of the neutron spectrum is measured, the neutron data
from ENDF/B-VI.8 were merged with the CGM calcu-
lations to provide a complete neutron spectrum up to
the available Q value. For those nuclei where no neutron
data are available, but detailed gamma and beta radia-
tion have been determined, the information from ENSDF
was combined with the neutron spectrum from the CGM
calculations. Finally, for those nuclei where no measure-
ments have been performed, the theoretical calculations
provided the gamma, beta, and neutron spectra. The
values of Pn (delayed neutron emission probability) were
taken from ENSDF when experimentally known; other-
wise, the values from the CGM calculations were used.
Lifetimes were also taken from ENSDF when experimen-
tally known, otherwise the systematic values provided by
Pfeiffer et al. [265], were adopted.

Total Absorption Gamma-ray Spectrometry (TAGS) is
sensitive to the total beta-decay population of all nuclear
levels, rather than to individual, discrete gamma-rays.
Particularly in cases where the Q value is quite large, dis-
crete gamma rays can be missed, and the TAGS method is
preferred for an accurate measurement of the total beta-
decay strength. The values of energy of electromagnetic
radiation and energy of light particles from the recently
published TAGS data for 105Mo, 104,105,106,107Tc [266],
were included in ENDF/B-VII.1.

2960

Fig. 5. Decay heat times the time for a single neutron 
induced fission event on 235U at thermal neutron energies, 
broken out into electromagnetic and light particle 
components.  

Covariance data

The ENDF/B-VII.1 library contains over 190 neutron 
evaluations with covariances, more than any previous 
ENDF library.  A summary of these covariances is 
provided in Table I.  Notable is the substantial increase of 
covariance data for structural materials and minor 
actinides (see Ref.  [4]).  Although the mean values of all 
quantities in the major actinides were unchanged,  
covariances for Prompt Fission Neutron Spectrum (PFNS) 
were added (see Ref. [5]).  Sample plots of these 
covariances are shown in Figs. 6 and 7.   

Table I.  Summary of neutron cross section covariance 
data sets in ENDF/B-VII.1.
Table I.  Summary of neutron cross section covariance 
data sets in ENDF/B-VII.1.
Table I.  Summary of neutron cross section covariance 
data sets in ENDF/B-VII.1.
Category  Materials Comment

Light 
nuclei

12 6 evaluated by R-matrix; 
6 low fidelity estimates

Structural 
+ FP

105 38 evaluated for COMMARA-2.0; 
40 updated low fidelity estimates; 
15 for criticality safety programs; 
12 for other purposes

Priority 
Actinides

20 13 evaluated for COMMARA-2.0; 
1 from ENDF/B-VII.0; 
6 from JENDL-4.0

Minor 
Actinides

53 All from JENDL-4.0
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RESULTS

This summary barely touches on the five years’ worth 
of advances present in the ENDF/B-VII.1 library.  We 
expect that these changes will lead to improved integral 
performance in reactors and other applications.  
Furthermore, the expansion of covariance data in this 
release will allow for better uncertainty quantification, 
reducing design margins and costs.

The ENDF library is an ongoing and evolving effort.  
Currently, the ENDF data community embarking on 
several parallel efforts to improve library management:

• The adoption of a continuous integration system to 
provide evaluators “instant” feedback on the quality of 
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Only substantial change to 
239Pu: addition of prompt fission 
neutron spectrum covariance

! Talou et al (LANL) retrofitted using Madland-Nix model
! Valuable contribution enabling full QMU studies in Pu 

systems (previously only nubar and cross section 
covariance available)
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E. 240Pu

GNASH sensitivity calculations were performed
varying the following set of model parameters:
(EA, EB, !ωA, !ωB, ρA, ρB) for the first, second and
third compound nuclei formed in the n+240Pu reaction.
These are the fission barrier heights, barrier widths and
collective enhancement factors on top of the barriers,
respectively. We also varied the level density param-
eters, pairing energies, pre-equilibrium constants and
experimental γ-ray strength function.

A host of experimental data sets was gathered for each
reaction channel, as shown in Table II. In addition, a re-
cent measurement of the 240Pu (n,fission) cross section

FIG. 40: Correlation matrix evaluated for the n(0.5
MeV)+239Pu prompt fission neutron spectrum.
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FIG. 41: 239Pu average prompt fission neutron multiplicity as
a function of incident neutron energy.

performed at the Los Alamos Neutron Science Center
(LANSCE) by Tovesson et al. [46] was included in the
present analysis.

The 240Pu neutron-induced fission cross section is
shown in Fig. 42, and its associated correlation matrix is
shown in Fig. 43. All fission cross section measurements
were done in ratio to the 235U (n,f) cross section stan-
dard. These ratio data sets were transformed into abso-
lute data points using the ENDF/B-VII.0 standard 235U
(n,f) cross sections [19]. The large number of these data
sets and their reported small uncertainties leads to final
evaluated uncertainties for the fission cross section that
are quite small. We have added a 0.3% fully-correlated
contribution to the final covariance matrix, as has been
already done in the case of the 235U fission cross sec-

3068
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Fission Product Yields for 14 MeV Neutrons on 235U, 238U and 239Pu

M. Mac Innes∗, M.B. Chadwick, and T. Kawano1

1Los Alamos National Laboratory, Los Alamos, NM 87545, USA
(Received 24 June 2011, revised received 22 September 2011; accepted 14 October 2011)

We report cumulative fission product yields (FPY) measured at Los Alamos for 14 MeV neutrons
on 235U, 238U and 239Pu. The results are from historical measurements made in the 1950s-1970s,
not previously available in the peer reviewed literature, although an early version of the data was
reported in the Ford and Norris review. The results are compared with other measurements and
with the ENDF/B-VI England and Rider evaluation. Compared to the Laurec (CEA) data and
to ENDF/B-VI evaluation, good agreement is seen for 235U and 238U, but our FPYs are generally
higher for 239Pu. The reason for the higher plutonium FPYs compared to earlier Los Alamos
assessments reported by Ford and Norris is that we update the measured values to use modern
nuclear data, and in particular the 14 MeV 239Pu fission cross section is now known to be 15-20%
lower than the value assumed in the 1950s, and therefore our assessed number of fissions in the
plutonium sample is correspondingly lower. Our results are in excellent agreement with absolute
FPY measurements by Nethaway (1971), although Nethaway later renormalized his data down by
9% having hypothesized that he had a normalization error. The new ENDF/B-VII.1 14 MeV FPY
evaluation is in good agreement with our data.
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I. INTRODUCTION

In a recent special issue on nuclear reaction data [1] we
described the LANL technique for calibrating the radio-
chemical laboratory system for fission product analysis.
We described there the LANL fission product yields mea-
sured in fission spectrum neutron energies in fast critical
assemblies, for average neutron energies in the 0 – 2 MeV
range, and the implications for a new ENDF/B-VII.1 fis-
sion product yield evaluation [2]. Both the previous work
at fission spectrum energies, and the results reported here
at 14 MeV, have influenced a new ENDF/B-VII.1 FPY
evaluation for plutonium [3].
This paper expands our results for fission product cal-

ibration experiments to include results of high energy
(14 MeV) neutron irradiations of 235U, 238U, and 239Pu.
The experiments described in this work were conducted
during the 1950s, 1960s, and 1970s at the Los Alamos
Cockcroft-Walton irradiation facility. The results re-
ported herein were recorded in staff member laboratory
notebooks and internal memos and reports [4], but they
have not previously been published in peer-reviewed jour-
nals. Although these data are quite old, they still are
important and they represent one of the relatively few
measurement sets today that provide an absolute scale
for 14 MeV FPYs. Therefore we feel it beneficial to make
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Energy Dependence of Plutonium Fission-Product Yields

J.P. Lestone∗1

1Los Alamos National Laboratory, Los Alamos, NM 87545, USA
(Received 1 August 2011; revised received 21 September 2011; accepted 8 October 2011)

A method is developed for interpolating between and/or extrapolating from two pre-neutron-
emission first-chance mass-asymmetric fission-product yield curves. Measured 240Pu spontaneous
fission and thermal-neutron-induced fission of 239Pu fission-product yields (FPY) are extrapolated
to give predictions for the energy dependence of the n + 239Pu FPY for incident neutron energies
from 0 to 16 MeV. After the inclusion of corrections associated with mass-symmetric fission, prompt-
neutron emission, and multi-chance fission, model calculated FPY are compared to data and the
ENDF/B-VII.1 evaluation. The ability of the model to reproduce the energy dependence of the
ENDF/B-VII.1 evaluation suggests that plutonium fission mass distributions are not locked in near
the fission barrier region, but are instead determined by the temperature and nuclear potential-
energy surface at larger deformation.
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I. INTRODUCTION

The dependence of fission-product yields (FPY) on in-
cident energy is of current interest as it has been noted
that such considerations are important for determining
fission burnup to high levels of accuracy [1]. However,
the experimental database for FPY energy dependen-
cies is very limited, especially for neutron-induced fis-
sion of 239Pu. Los Alamos has published radiochemical
data measured in fast critical assemblies and thermal re-
actors, covering the incident neutron energy range from

∗Electronic address: lestone@lanl.gov

thermal to En ∼ 2 MeV (see the recent paper by Selby
et al. [2], which updates the earlier Los Alamos compi-
lation by Ford and Norris [3]). Mass spectrometry FPY
data measured with thermal neutrons, and at different
average neutron energies within fast reactors, have been
measured by Maeck and others [4], and cover the en-
ergy region from thermal to En ∼1.3 MeV. The energy
dependencies of these mass-spectrometry measured data
were assessed by Maeck [5], Chadwick [1], and Prussin
[6]. At higher energies, Gindler et al. [7] at Argonne
National Laboratory measured FPY using germanium γ-
ray detection methods over the energy region En=0 to 8
MeV. Chapman et al. [8] measured FPY energy depen-
dencies for uranium from En=6 to 9 MeV. Zöller et al. [9]
made a comprehensive measurement of 238U FPY at Los
Alamos Neutron Science Center (LANSCE) over a wide
neutron energy range (1 to 500 MeV) for all fragments,
but with a mass resolution of about 4 atomic mass units
(amu). A useful review of energy dependencies of FPY
has been compiled by the International Atomic Energy
Agency [10].
The ENDF/B-VII.0 database [11] carried over FPY

evaluations unchanged from ENDF/B-VI, as evaluated
by England and Rider [12]. This evaluation provides FPY
for thermal, fission-spectrum, and 14 MeV neutron ener-
gies, but does not attempt to describe the energy depen-
dence over the fission-spectrum neutron energy regime.
In contrast, the new ENDF/B-VII.1 evaluation adopts
the work of Chadwick et al. [1] that includes a represen-
tation of the FPY over the fission-spectrum energy regime
with an average neutron energy causing fission covering
the range from 0.5 to 2 MeV. The paper of Chadwick et
al. developed its representation based on the available
(n,f) experimental data. One of the goals of this work is

Available online at www.sciencedirect.com

Nuclear Data Sheets 112 (2011) 3120–3134

0090-3752/$ – see front matter © 2011 Published by Elsevier Inc.
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TABLE XXVII: Energy release values in units of MeV for EFR, ENP, EGP and EP for ENDF/B-VII.0 versus ENDF/B-VII.1.
The VII.0 values are taken from Madland [225] where they are referred to as “energy deposition”.

EFR(En) ENP(En) EGP(En) EP(En)
(Fission Fragments) (Prompt Neutrons) (Prompt Gammas) (Total Prompt)

Nuclide Incident Energy VII.0 VII.1 VII.0 VII.1 VII.0 VII.1 VII.0 VII.1
En

0.0253 eV 169.130 169.130 4.916 4.838 6.600 6.600 180.65 180.57
235U 1.0 MeV 169.130 168.864 5.455 5.138 6.600 6.678 181.19 180.68

14.0 MeV 169.130 165.406 7.409 9.044 6.600 7.688 183.14 182.14
0.0253 eV 169.800 169.800 4.804 4.558 6.680 6.680 181.28 181.04

238U 1.0 MeV 169.800 169.481 5.536 4.865 6.680 6.804 182.02 181.15
14.0 MeV 169.800 166.102 7.180 8.856 6.680 8.415 183.66 183.37
0.0253 eV 175.550 175.550 6.070 6.128 6.741 6.741 188.36 188.42

239Pu 1.0 MeV 175.550 175.093 6.278 6.471 6.741 6.856 188.57 188.42
14.0 MeV 175.550 169.158 7.744 10.927 6.741 8.039 190.03 188.12

TABLE XXVIII: Summary of the fission energy release data
in the ENDF/B-VII.1.

ENDF/B-VII.0:
232Th, 233,234,236,240U, 237Np, 240,241Pu, 241,243Am

Madland2006:
235,238U, 239Pu

Vogt2010:
225,226,227Ac, 228,230,231,233,234Th
229,230,231,232,233Pa, 230,231,237,239,241U
234,235,236,239Np, 236,237,238,243,244,246Pu
240,242,242m,244,244mAm, 240,241,247,249,250Cm
245,246,247,248,249,250Bk, 246,248,250,252,253,254Cf

JENDL-4.0:
227,229Th, 232U, 238Np, 242Pu
242,243,244,245,246,248Cm, 249,251Cf, 254Es, 255Bk

Missing:
251,252,253,254m,255Es

are still concerns with the H(n,p), 3He(n,p) and the
fission cross sections. Also a study of the uncertain-
ties obtained in the international standards evalu-
ation was done. This work was done as a result of
concerns that had been expressed that the uncer-
tainties obtained from that evaluation are too small.
Extensive use of correlations was employed for that
evaluation. The present investigation concluded
that the uncertainties are reasonable [7]. Taking
correlations into account suggests that uncertain-
ties (variances) will be reasonable when calculated
over a broad spectrum for a practical system.

Improved smoothing of the capture evaluations was
obtained using a physical model calculation as a
pseudo-experimental data set in the fitting pro-
gram. The covariance matrix that was used had
large correlation components for neighboring points
to help smooth the cross section and nearly free
shape normalization. The results maintain the in-
elastic scattering structure and minimize structure
caused by statistical effects.

• The gold capture cross section at energies
below where it is considered a standard
Values were obtained below the standards energy
region for the international standards evaluation of
the gold capture cross section. These data were
determined accurately but are not considered stan-
dards since there is significant structure at these
lower energies. A standard should have a smooth
energy dependence. The value near 25 keV from
an astrophysics-Maxwellian evaluation is approxi-
mately 6% to 8% lower than the result from the
standards evaluation. This astrophysics evaluation
was based on the results of measurements by Ratyn-
ski and Kappeler [232] of the 197Au(n, γ) cross sec-
tion averaged over a Maxwellian-like experimentally
simulated spectrum with temperature near 25 keV
and measurements by Macklin [233, 234]. In an
attempt to clarify this inconsistency, capture mea-
surements have been performed at the n TOF [235]
and GELINA facilities [236, 237]. The results of
these experiments are consistent with that obtained
from the standards evaluation.

Also another experiment [238] has recently been
completed in which the 238U(n,γ) cross section (in
addition to the 235U(n,γ) cross section) has been
measured relative to the gold capture standard, see
Subsection XD. Data were obtained at thermal,
426 keV and with a simulated-Maxwellian spec-
trum (kT about 25 keV). For this experiment neu-
tron activation with subsequent accelerator mass
spectrometry was used to determine the uranium
capture events. This technique represents a novel
approach independent of previous TOF measure-
ments, because any interference with the fission
channel is excluded. The results for the 238U(n,γ)
cross section are in agreement with the standards
evaluation, using the values from the gold standards
evaluation for the conversion from the cross section
ratio. The 238U(n,γ) cross section relative to gold
capture can be used to improve both of those cross
sections in the program used to evaluate the neu-
tron cross section standards.

Very recent results by Krasa et al. [239] obtained
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FIG. 90: Evaluated 241Am(n, f) used for ENDF/B-VII.1,
compared with ENDF/B-VII.0 and experimental data.

the result shows that the JENDL-4.0 capture cross sec-
tion in the fast energy region has to be reduced by 20%.
In addition, we note that, based on recent thermal cap-
ture cross section measurements of Marie et al. [207], as
well as earlier pile neutron cross section measurements
of Butler et al. [208], corrected for the presently evalu-
ated capture resonance integral,Iγ=1123 b, a 2200 m/s
capture cross section of 21.28 ± 0.77 b is derived.

13. 241Am

Our 241Am evaluation for ENDF/B-VII.1 builds on the
ENDF/B-VII.0 work, and makes some modest changes
for fission and capture. We performed a new SOK code
statistical analysis of measured data to obtain a new eval-
uated fission cross section down to 150 eV. The sub-
threshold fission cross sections are now given in File 3.
Our results are shown in Fig. 90 compared to experimen-
tal data. Integral americium fission rate calculations with
MCNP are compared against fast critical assembly mea-
surements in Fig. 93, and are seen to be comparable in
quality to the previous evaluation compared to data [1].

We modified the 241Am capture cross slightly for VII.1.
The evaluation is compared with data in Fig. 91, includ-
ing comparisons with the recent measurement from the
DANCE detector at Los Alamos’ LANSCE facility [209].
We have also not changed the split between capture to
the 242Am isomer and ground state in VII.1 compared
to VII.0, so the g/tot ratio is unchanged. The evalua-
tion is shown in Fig. 92, and is seen to agree well with
the data, including the recently published Tommasi CEA
measurement [210] (Profil data from the Phenix fast reac-
tor) at 100 keV (g/tot=0.85). Note also that the LANL
data that we presented in our VII.0 documentation were
plotted at the wrong energy: it is a value of 0.815 at
an average energy causing capture of about 500 keV as
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FIG. 91: Evaluated 241Am(n, γ) used for ENDF/B-VII.1,
compared with ENDF/B-VII.0 and experimental data.

shown in the figure here (and also a value of 0.867 at an
average energy of 1 keV).

In the integral validation testing of our previous
ENDF/B-VII.0 capture evaluation we showed that
MCNP predictions of 241Am capture creating 242Cm
agreed well with measurements in different locations in
fast critical assemblies. Such reaction rate comparisons
test both the evaluated capture cross section as well as
the m/g branching ratio we adopted [1] (in addition, of
course, to the fidelity with which we model the broad
neutron spectrum at the irradiated sample’s location).
Figure 93 shows this comparison for VII.1, and again
agreement is rather good.

In the resolved resonance region, the ENDF/B-VII.0
resonance parameters (same as ENDF/B-VI) were re-
placed by the JENDL-4 resonance parameters [9]. The
energies of resolved resonances are almost identical to
the values in ENDF/B-VI, but spins and widths show
some differences. In the unresolved resonance range, we
adopted an LSSF=1 option, which means the diluted
cross sections are given in File 3, and the unresolved res-
onance parameters are used only for self-shielding calcu-
lations.
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the result shows that the JENDL-4.0 capture cross sec-
tion in the fast energy region has to be reduced by 20%.
In addition, we note that, based on recent thermal cap-
ture cross section measurements of Marie et al. [207], as
well as earlier pile neutron cross section measurements
of Butler et al. [208], corrected for the presently evalu-
ated capture resonance integral,Iγ=1123 b, a 2200 m/s
capture cross section of 21.28 ± 0.77 b is derived.

13. 241Am

Our 241Am evaluation for ENDF/B-VII.1 builds on the
ENDF/B-VII.0 work, and makes some modest changes
for fission and capture. We performed a new SOK code
statistical analysis of measured data to obtain a new eval-
uated fission cross section down to 150 eV. The sub-
threshold fission cross sections are now given in File 3.
Our results are shown in Fig. 90 compared to experimen-
tal data. Integral americium fission rate calculations with
MCNP are compared against fast critical assembly mea-
surements in Fig. 93, and are seen to be comparable in
quality to the previous evaluation compared to data [1].

We modified the 241Am capture cross slightly for VII.1.
The evaluation is compared with data in Fig. 91, includ-
ing comparisons with the recent measurement from the
DANCE detector at Los Alamos’ LANSCE facility [209].
We have also not changed the split between capture to
the 242Am isomer and ground state in VII.1 compared
to VII.0, so the g/tot ratio is unchanged. The evalua-
tion is shown in Fig. 92, and is seen to agree well with
the data, including the recently published Tommasi CEA
measurement [210] (Profil data from the Phenix fast reac-
tor) at 100 keV (g/tot=0.85). Note also that the LANL
data that we presented in our VII.0 documentation were
plotted at the wrong energy: it is a value of 0.815 at
an average energy causing capture of about 500 keV as
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FIG. 91: Evaluated 241Am(n, γ) used for ENDF/B-VII.1,
compared with ENDF/B-VII.0 and experimental data.

shown in the figure here (and also a value of 0.867 at an
average energy of 1 keV).

In the integral validation testing of our previous
ENDF/B-VII.0 capture evaluation we showed that
MCNP predictions of 241Am capture creating 242Cm
agreed well with measurements in different locations in
fast critical assemblies. Such reaction rate comparisons
test both the evaluated capture cross section as well as
the m/g branching ratio we adopted [1] (in addition, of
course, to the fidelity with which we model the broad
neutron spectrum at the irradiated sample’s location).
Figure 93 shows this comparison for VII.1, and again
agreement is rather good.

In the resolved resonance region, the ENDF/B-VII.0
resonance parameters (same as ENDF/B-VI) were re-
placed by the JENDL-4 resonance parameters [9]. The
energies of resolved resonances are almost identical to
the values in ENDF/B-VI, but spins and widths show
some differences. In the unresolved resonance range, we
adopted an LSSF=1 option, which means the diluted
cross sections are given in File 3, and the unresolved res-
onance parameters are used only for self-shielding calcu-
lations.
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FIG. 92: Evaluated ratio for 241Am neutron capture,
g/(g+m)= g/tot in 242Am.

FIG. 93: The integral 241Am neutron capture rate (divided
by the 239Pu fission rate) as a function of spectral index for
different critical assembly locations. In this case the mea-
surements, which detect the 242Cm are divided by 0.827 to
account for the fraction of 242gAm that beta decays to 242Cm.

A final word is warranted on the predictive success
of model calculations for the (n, 2n) reaction. We are
not changing this cross section for ENDF/B-VII.1, but
remind readers that we developed an evaluation of the
241Am(n,2n) excitation function in 2006 where we re-
lied on our GNASH model calculations for this reac-
tion, having undertaken some calibration to measure-
ments at the one energy that was measured reliably at
the time, 14.1 MeV, where we had activation data from
both Lougheed (LLNL) and Gancarz (LANL) [1, 211].
Following this calculational prediction of the whole exci-
tation function, measurements were made by a collabo-
ration of experimentalists from North Carolina (Tonchev
et al. TUNL), LANL and LLNL [212], and these new
data confirmed the GNASH predictions. Since then, ad-
ditional measurements have been recently published by
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FIG. 94: Evaluated 241Am(n, 2n) in ENDF/B-VII.1 (un-
changed from VII.0), compared with experimental data.

Sage, Plompen and collaborators [213] and these also val-
idate the predictions (including both the rise of the ex-
citation function, but also the “tail” in the 14-19 MeV
region which is sensitive to preequilibrium neutron emis-
sion processes), see Fig. 94. Additional aspects of this
work can be found in Ref. [214].

14. 243Am

Motivated by the analysis of Palmiotti and Hiruta
[205], where a 16.6 % discrepancy was observed between
measured and computed capture reaction rates for 243Am
when the ENDF/B.VII.0 was adopted, a new evaluation
for the thermal, resonance, and URR regions has been
carried out for ENDF/B-VII.1. A detailed analysis and
examination (by SM) of measured and evaluated capture
cross sections in these regions revealed that the source
of this discrepancy is traced to the 2200 m/s capture
cross section, 74.8 b, adopted by Weston and Todd [215]
in their capture cross section measurements. Based on
recent thermal capture cross section measurements by
Marie et al. [207], thermal reactor reactor cross section
measurements by Ohta et al. [216], as well as an earlier
pile neutron cross section measurements of Butler et al.
[208] (corrected in the present evaluation for the capture
resonance integral), an evaluated 2200 m/s capture cross
section of 80.4 ±2.1 b is derived for ENDF/B.VII.1.

A least-squares fit to the renormalized capture data of
[215] in the energy region 0.25 keV - 40 keV was then car-
ried out to determine the s- and p-wave radiative widths
for the URR region; the resulting values are 39.1 ± 0.6
meV and 68.8 ± 4.3 meV, respectively. The former value
is in excellent agreement with the Atlas value 39 ± 1
meV obtained from the resolved resonances; we note that
there are no previous determinations for the latter value.
With these parameters, along with s- and p-wave neu-
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FIG. 92: Evaluated ratio for 241Am neutron capture,
g/(g+m)= g/tot in 242Am.

FIG. 93: The integral 241Am neutron capture rate (divided
by the 239Pu fission rate) as a function of spectral index for
different critical assembly locations. In this case the mea-
surements, which detect the 242Cm are divided by 0.827 to
account for the fraction of 242gAm that beta decays to 242Cm.

A final word is warranted on the predictive success
of model calculations for the (n, 2n) reaction. We are
not changing this cross section for ENDF/B-VII.1, but
remind readers that we developed an evaluation of the
241Am(n,2n) excitation function in 2006 where we re-
lied on our GNASH model calculations for this reac-
tion, having undertaken some calibration to measure-
ments at the one energy that was measured reliably at
the time, 14.1 MeV, where we had activation data from
both Lougheed (LLNL) and Gancarz (LANL) [1, 211].
Following this calculational prediction of the whole exci-
tation function, measurements were made by a collabo-
ration of experimentalists from North Carolina (Tonchev
et al. TUNL), LANL and LLNL [212], and these new
data confirmed the GNASH predictions. Since then, ad-
ditional measurements have been recently published by
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FIG. 94: Evaluated 241Am(n, 2n) in ENDF/B-VII.1 (un-
changed from VII.0), compared with experimental data.

Sage, Plompen and collaborators [213] and these also val-
idate the predictions (including both the rise of the ex-
citation function, but also the “tail” in the 14-19 MeV
region which is sensitive to preequilibrium neutron emis-
sion processes), see Fig. 94. Additional aspects of this
work can be found in Ref. [214].

14. 243Am

Motivated by the analysis of Palmiotti and Hiruta
[205], where a 16.6 % discrepancy was observed between
measured and computed capture reaction rates for 243Am
when the ENDF/B.VII.0 was adopted, a new evaluation
for the thermal, resonance, and URR regions has been
carried out for ENDF/B-VII.1. A detailed analysis and
examination (by SM) of measured and evaluated capture
cross sections in these regions revealed that the source
of this discrepancy is traced to the 2200 m/s capture
cross section, 74.8 b, adopted by Weston and Todd [215]
in their capture cross section measurements. Based on
recent thermal capture cross section measurements by
Marie et al. [207], thermal reactor reactor cross section
measurements by Ohta et al. [216], as well as an earlier
pile neutron cross section measurements of Butler et al.
[208] (corrected in the present evaluation for the capture
resonance integral), an evaluated 2200 m/s capture cross
section of 80.4 ±2.1 b is derived for ENDF/B.VII.1.

A least-squares fit to the renormalized capture data of
[215] in the energy region 0.25 keV - 40 keV was then car-
ried out to determine the s- and p-wave radiative widths
for the URR region; the resulting values are 39.1 ± 0.6
meV and 68.8 ± 4.3 meV, respectively. The former value
is in excellent agreement with the Atlas value 39 ± 1
meV obtained from the resolved resonances; we note that
there are no previous determinations for the latter value.
With these parameters, along with s- and p-wave neu-
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and results are shown in Table XIII. We conclude from
these results that ENDF/B-VII.1 238,240Pu fission cross
sections have improved while 242Pu’s fission cross section
has not.

TABLE XIII: C/E’s for COSMO fission spectral indices. Mea-
sured data are a ratio of the reaction cited below to σfis

235U.
The spectral index (ratio of 238U(n,f) to 235U(n,f) is 0.042.

Isotope
COSMO C/E

ENDF/B-
VII.0

ENDF/B-
VII.1

Expt. Unc.

σfis
238U 0.984 0.981 1.5%

σfis
237Np 1.005 1.004 1.5%

σfis
238Pu 1.072 1.040 2.5%

σfis
239Pu 0.991 0.989 1.3%

σfis
240Pu 1.051 1.028 2.3%

σfis
241Pu 1.004 1.001 2.0%

σfis
242Pu 1.018 1.041 2.3%

σfis
241Am 1.089 1.081 2.3 %

σfis
243Am 1.010 1.009 2.3%

Additional reaction rate data are available from the
ICSBEP Handbook’s FUND-IPPE-RR-MULT-RRR-001
benchmark. This is an unmoderated, Pu fueled assembly
with a central cavity for sample irradiation. As with any
reactor based measurement the flux spectrum seen by the
sample covers a broad energy distribution. In these mea-
surements the average energy of that spectrum is near 1.5
MeV. Differences in the “fast” spectra seen at the sample
location in the PROFIL, Flattop-25 and this assembly are
illustrated in Fig. 27. A number of actinide and structure
cross section ratio measurements have been reported. As
with the PROFIL and COSMO experiments above the
data are given as a spectral index, again to 235U(n,f).
Measured and calculated results are given in Tables XIV
and XV.
Many of the major actinide cross sections are little

or unchanged in ENDF/B-VII.1 compared to ENDF/B-
VII.0; a notable exception being 236U whose ENDF/B-
VII.0 capture cross section is clearly low. The upward
revision found in ENDF/B-VII.1 yields a clearly superior
C/E value, as was shown in our companion paper [1].
These results have not been generally available to the

evaluation community before. We note that some of
these results appear contradictory, with some PROFIL
and COSMO C/E values being greater than (or less
than) unity while similar data from the FUND-IPPE-
RR-MULT-RRR-001 experiment yield the opposite re-
sult. Results for 237Np capture and either 240Pu or 242Pu
fission are examples. It is beyond the scope of a survey
report such as this to resolve such apparent discrepan-
cies, but we note below that there are clear differences in
the spectra for what are generically categorized as “fast”
assemblies. By highlighting this behavior to the broader
technical community we hope to stir interest in further
studies to resolve such issues. Poor C/E values are also

TABLE XIV: Measured and calculated spectral indices (mea-
sured data are a ratio of the reaction cited below to 235U(n,f))
for selected actinide cross sections from the FUND-IPPE-RR-
MULT-RRR-001 benchmark. Values in parenthesis represent
the uncertainty in the corresponding least significant digits.

Reaction
Measured
Value

ENDF/B-
VII.0

ENDF/B-
VII.1

232Th(n,f) 0.0430(13) 0.0398(2) 0.0398(1)
233U(n,f) 1.54(3) 1.5546(7) 1.5545(1)
234U(n,f) 0.790(24) 0.7294(4) 0.7293(2)
236U(n,f) 0.333(10) 0.3215(2) 0.3216(1)
238U(n,f) 0.165(5) 0.1622(1) 0.1622(1)
237Np(n,f) 0.771(23) 0.8135(4) 0.8134(2)
239Pu(n,f) 1.33(4) 1.3603(6) 1.3603(2)
240Pu(n,f) 0.877(26) 0.8234(4) 0.8110(2)
241Pu(n,f) 1.29(4) 1.3222(6) 1.3219(2)
242Pu(n,f) 0.658(20) 0.6704(4) 0.6859(2)
241Am(n,f) 0.825(25) 0.7816(4) 0.7782(3)
232Th(n,γ) 0.109(4) 0.1019(1) 0.1029(1)
236U(n,γ) 0.123(6) 0.1118(2) 0.1201(1)
238U(n,γ) 0.077(3) 0.0778(1) 0.0777(1)
237Np(n,γ) 0.240(12) 0.3007(3) 0.3006(1)
232Th(n,2n) 0.00924(50) 0.01084(6) 0.01070(3)
238U(n,2n) 0.00916(50) 0.00954(5) 0.00948(2)

seen for several mid-Z reactions, such as 48Ti(n,p) and
94,96Zr(n,γ). It is our expectation that the results pro-
vided herein will be judged useful as revised evaluation
efforts are undertaken in the future.
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FIG. 27: Calculated multigroup spectra for the PROFIL,
Flattop-25 and FUND-IPPE-FR-MULT-RRR-001 benchmark
assemblies at locations where reaction rate data were ob-
tained.

We conclude this section with the presentation of pre-
viously unpublished fission reaction rate ratio measure-
ments from LANL’s Flattop-25 assembly [15]. Like
the PROFIL results presented previously, these data
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FIG. 4: Neutron capture on 3He. Compared are cross sec-
tions in ENDF/B-VII.1 (red curve) with those in ENDF/B-
VII.0 (black line), and with experimental data from n+3He
capture (green triangles) and inverted γ+4He photodisinte-
gration (blue circles).

2. 4He

The recent cross-section evaluation for neutrons on
4He came from an R-matrix analysis of reactions in the
5He system that has been used for many years at Los
Alamos to provide data for thermonuclear applications.
For that reason, the analysis extends to neutron energies
well above 20 MeV, but for simplicity, the new evaluation
is truncated there to keep it single-channel. A summary
of the channel structure and data included in the analysis
is given in Table VII. More than 2700 data points are fit-
ted with 117 parameters, giving a chi-square per degree
of freedom of 1.5. The n − α scattering data, including
the total cross section, are in excellent agreement with
calculations from the fit parameters. The fit to the total
cross section is shown in Fig. 5.

3. 6Li

The R-matrix analysis of the 7Li system contains data
for all possible reactions among t+4He and n+6Li at ener-
gies extending from the t+4He threshold (well below the
n+6Li threshold) up to energies corresponding to 4-MeV
incident neutrons. Also included are n+6Li* channels to
simulate the effects of n + d + α breakup. This is sum-
marized in Table VIII. One sees that a very good fit
is obtained to the more than 3900 data points included,
with a chi-square per degree of freedom of 1.80.

The fit to the t+4He scattering data, which have very
small uncertainties, is quite good. Examples are given

TABLE VII: Channel configuration (top) and data summary
(bottom) for each reaction in the 5He system R-matrix anal-
ysis.

Channel ac (fm) lmax

n+4He 3.0 5
γ+5He 6.0 1
d+3H 5.1 5

n+4He* 5.0 1

Reaction Range (MeV) # Data Types # Data Pts.
4He(n, n)4He En = 0 − 28 2 817
3H(d, d)3H Ed = 0 − 8.6 6 700
3H(d, n)4He Ed = 0 − 11 14 1185
3H(d,γ)5He Ed = 0 − 8.6 2 17
3H(d, n)4He* Ed = 4.8 − 8.3 1 10

Total 25 2729
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FIG. 5: R-matrix analysis for 4He.

in Figure 6 at triton energies of 8 and 12 MeV, which
are near the obvious resonance structure in the 6Li(n, t)
reaction at En = 0.24 and 2.2 MeV (see Fig. 7).
These high-precision charged-particle elastic scattering
measurements [39] put stringent constraints on fitting
the neutron data through properties of multichannel R-
matrix theory, such as the unitarity of the scattering ma-
trix.

Another important set of measurements in this analy-
sis are the relatively recent absolute differential cross sec-
tion measurements for the 6Li(n, t)4He reaction done at
the LANSCE/WNR facility at Los Alamos. These mea-
surements confirmed the angular distributions measured
at lower energies, and gave additional evidence for the
presence of a 3/2− resonance near En=2.2 MeV that had
been seen in other data. They also indicated somewhat
higher integrated cross sections for the reaction in the
MeV region up to about 8 MeV than had been obtained
in previous ENDF (and ENDL) evaluations.
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FIG. 7: Integrated cross section for the 6Li(n, t)4He reaction
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(red curve), ENDF/B-VII.0 (black curve), and the experi-
mental data of Macklin [40] (green triangles), Drosg [41] (red
crosses), and WNR [42] (blue circles).

limited by the ENDF-6 format to resonance parame-
ter uncertainties and correlations while uncertainties in
nuclear radii cannot be treated directly. The “normal-
ization/background/radius” effects were represented ap-
proximately by adjusting the File 32 uncertainties for the
external RPs and for selected resonances in the energy
range of the evaluation. Since the resonance parameter
representation does not include the direct capture (DC)
part of the capture cross section, the DC component was
included as a “background” 1/v cross section in File 3,
sections 1 and 102. At E = 0.0253 eV, the 35Cl (37Cl) DC
cross section is 0.16 (0.31) b, which is a small (large) frac-
tion of the overall capture cross section of 43.60 (0.433)
b. The upper energy limit for the DC cross section is es-
timated to be 10 (100) keV for 35Cl (37Cl). The 1/v cross
section was extended to 1.0 MeV to ensure continuity in
the evaluation range. Cross section at the thermal val-
ues for 35Cl and 37Cl calculated at room temperature are
displayed on Table IX. The uncertainties in the thermal
cross sections were calculated with PUFF-IV using the
resonance parameter covariance data.

2. 39,41K

Evaluations of 39K and 41K neutron cross sections in
the resolved resonance region were done with the mul-
tilevel Reich-Moore R-matrix formalism of the SAMMY
code. The evaluation incorporates recent high-resolution

TABLE IX: Thermal cross sections and their uncertainties for
35,37Cl+n in barns.

Isotope Cross Section VII.1 VII.0 Atlas
35Cl Capture 43.60±0.52 43.67 43.60±0.40

Total 64.76±0.68 65.12 64.70±0.50
Scattering 20.68±0.35 20.97 20.60±0.30
(n,p) 0.480±0.029 0.48 0.48±0.014

37Cl Capture 0.433±0.006 0.433 0.433±0.006
Total 1.583±0.050 1.593 1.583±0.050
Scattering 1.15±0.05 1.16 1.15±0.05

capture and transmission measurements made at ORELA
to extend the resolved resonance energy range up to 1.0
MeV with a much more accurate representation of the
data than previous evaluations. The data include trans-
mission measurements by Guber et al. [50] and Harvey,
et al. [51] on the 80-m flight path at ORELA; total cross
section data of Cierjacks et al. [52] on a 57-m flight path
performed at the Karlsruhe Isochronous Cyclotron; and
measurements of Singh, et al. [53] done at the 200-m flight
path at the Columbia synchrocyclotron. Also included in
the evaluation were the high-resolution capture cross sec-
tion of Guber et al. measured in the energy range of 0.1
keV to 600 keV and an older low resolution capture data
of Joki, et al. [54] done in the energy region from 0.02 eV
to 10 eV. We have included resonance parameters (RPs)
in File 2, MT151, and the corresponding resonance pa-
rameter covariances in File 32, MT15. The Reich-Moore
format with LRF=3 and LCOMP=1 was utilized. The
applicable energy range is 10−5 eV to 1.0 MeV. At 1.0
MeV the File 3 total and elastic cross section values for
the previous ENDF evaluations were adjusted slightly to
join smoothly with the resonance parameter values. For
capture cross sections above 1 MeV, the previous ENDF
39K theoretical values were normalized to 0.436 mb at
1 MeV, and the 41K values were normalized to match
the data of reference [55] at 1 MeV. Since the resonance
parameter representation does not include the direct cap-
ture (DC) part of the capture cross section, the DC com-
ponent was included as a “background” 1/v cross section
in File 3, sections 1 and 102. At E = 0.0253 eV, the cal-
culated DC cross section for 39K (41K) is 0.80 (0.52) b,
which is a large fraction of the overall capture cross sec-
tion of 2.10 (1.46) b. The upper energy limit for the DC
cross section is estimated to be 100 keV. Therefore, the
“background” 1/v cross section was terminated at this
energy value.

Table X gives a comparison of the thermal elastic, cap-
ture and total cross sections at room temperature with
the data listed in the Atlas. Also shown in Table X
are the thermal values calculated with ENDF/B-VII.0.
The quoted uncertainties, obtained from File 32, reflect
the rather large experimental uncertainties in the ther-
mal values. The thermal scattering cross-section for 41K
in the Atlas is almost 3 times smaller than that of the
present evaluation. The reasons for the discrepancies are
not known.

21

ENDF/B-VII.1 Nuclear Data ... NUCLEAR DATA SHEETS M.B. Chadwick et al.

!

!

"

#

$

%

&

'

()(* ()* * *(

+,-./0
1234506728809/:3;2+

<=>?@A0BCC)*
<=>?@.DBCC)(
<=>?@.DBC
EFC
23G/70H434

67
28

80
9/

:3
;2
+0
IJ

K

C+:;H/+30=/L372+0<+/7MN0IO/BK

FIG. 9: Total cross section for n+9Be, showing ENDF/B-
VII.1 (red curve), ENDF/B-VII.0 (black curve), and the data
from Danon (green triangles) and others (black crosses).
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VII.1, the black curve is ENDF/B-VII.0, and the circles are
measured values.

Resonance region
To improve the cross section data and uncertainty for
titanium in the thermal and epithermal energy regions
a resolved resonance parameter and covariance evalua-
tion for 48Ti was done with the SAMMY [58] code. New
capture and transmission measurements for enriched 48Ti
and natural titanium were made at the ORELA. The neu-
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FIG. 11: Neutron capture on natC. Compared are cross sec-
tions in ENDF/B-VII.1 with ENDF/B-VII.0.

!"#E !"#F !"#G !"#H !"" !"H

!"#%

!"#&

!"#'

!"#!
(

A
<=
BB
(C
27
:8=
4(
3D
6

0478924:(*2;:<=4()42<>?(3@2/6

()*+,-.#/001"
()*+,-.#/001!

!FI345γ6

FIG. 12: Neutron capture on 16O. Compared are cross sections
in ENDF/B-VII.1 with ENDF/B-VII.0.

tron transmission and capture data were measured in the
energy range from 10 eV to 500 keV. The transmission
data were measured with an 80-meter flight-path length,
whereas a 40-meter flight-path length was used for the
capture cross-section measurements. Since there are no
previous capture cross-section measurements available in
the resonance region, the ORELA data were vital for de-
termining the shape and the uncertainty in the capture
cross section. The resonance evaluation for 48Ti was done
in the energy range from 10−5 eV to 400 keV. Thermal
cross section data available in the EXFOR database [59]
were also used in the evaluation.
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tron transmission and capture data were measured in the
energy range from 10 eV to 500 keV. The transmission
data were measured with an 80-meter flight-path length,
whereas a 40-meter flight-path length was used for the
capture cross-section measurements. Since there are no
previous capture cross-section measurements available in
the resonance region, the ORELA data were vital for de-
termining the shape and the uncertainty in the capture
cross section. The resonance evaluation for 48Ti was done
in the energy range from 10−5 eV to 400 keV. Thermal
cross section data available in the EXFOR database [59]
were also used in the evaluation.
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To improve the cross section data and uncertainty for
titanium in the thermal and epithermal energy regions
a resolved resonance parameter and covariance evalua-
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capture and transmission measurements for enriched 48Ti
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tron transmission and capture data were measured in the
energy range from 10 eV to 500 keV. The transmission
data were measured with an 80-meter flight-path length,
whereas a 40-meter flight-path length was used for the
capture cross-section measurements. Since there are no
previous capture cross-section measurements available in
the resonance region, the ORELA data were vital for de-
termining the shape and the uncertainty in the capture
cross section. The resonance evaluation for 48Ti was done
in the energy range from 10−5 eV to 400 keV. Thermal
cross section data available in the EXFOR database [59]
were also used in the evaluation.
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To improve the cross section data and uncertainty for
titanium in the thermal and epithermal energy regions
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tion for 48Ti was done with the SAMMY [58] code. New
capture and transmission measurements for enriched 48Ti
and natural titanium were made at the ORELA. The neu-

!"#E !"#F !"#G !"#H !"" !"H
!"#%

!"#&

!"#'

!"#!
()*+,-.#/001"
()*+,-.#/001!

(

!"#A345γ6

0478924:(*2;:<=4()42<>?(3@2/6

A
<=
BB
(C
27
:8=
4(
3D
6

FIG. 11: Neutron capture on natC. Compared are cross sec-
tions in ENDF/B-VII.1 with ENDF/B-VII.0.

!"#E !"#F !"#G !"#H !"" !"H

!"#%

!"#&

!"#'

!"#!
(

A
<=
BB
(C
27
:8=
4(
3D
6

0478924:(*2;:<=4()42<>?(3@2/6

()*+,-.#/001"
()*+,-.#/001!

!FI345γ6

FIG. 12: Neutron capture on 16O. Compared are cross sections
in ENDF/B-VII.1 with ENDF/B-VII.0.

tron transmission and capture data were measured in the
energy range from 10 eV to 500 keV. The transmission
data were measured with an 80-meter flight-path length,
whereas a 40-meter flight-path length was used for the
capture cross-section measurements. Since there are no
previous capture cross-section measurements available in
the resonance region, the ORELA data were vital for de-
termining the shape and the uncertainty in the capture
cross section. The resonance evaluation for 48Ti was done
in the energy range from 10−5 eV to 400 keV. Thermal
cross section data available in the EXFOR database [59]
were also used in the evaluation.
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FIG. 6: Calculated eigenvalues with recent ENDF/B cross
section libraries (black symbol is ENDF/B-VI.8; red symbol
is ENDF/B-VII.0 and blue symbol is ENDF/B-VII.1) for the
HMF58 benchmark.

0.9850

0.9900

0.9950

1.0000

1.0050

1.0100

1.0150

0.0 5.0 10.0 15.0 20.0 25.0

k e
ff

C
/E

Be Reflector Thickness, cm

FIG. 7: Calculated eigenvalues with recent ENDF/B cross
section libraries (black symbol is ENDF/B-VI.8; red symbol
is ENDF/B-VII.0 and blue symbol is ENDF/B-VII.1) for the
MMF7 benchmark.

but it was clear that additional work on the 9Be cross
section file was warranted.
The revised 9Be evaluation that appears in ENDF/B-

VII.1 includes the new RPI data and, not surprisingly,
the cross sections and calculated eigenvalues are similar
to those of ENDF/B-VI.8. However, the 9Be cross sec-
tion file adopted for ENDF/B-VII.1 remains a work in
progress. The basic cross section re-evaluation is believed
to be complete, but a re-assessment of the scattering an-
gular distributions has not been performed. This will be
a future task, and if warranted such new distributions
will be incorporated into a future ENDF beryllium re-
lease. Regardless of future revisions to the evaluated Be
file, the current file yields predicted critical eigenvalues
that are generally accurate to within ±0.5%.
The HMF7 benchmark suite provides the opportunity

to test cross section data over a broad energy range. This
benchmark contains HEU and polyethylene. The HEU
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FIG. 8: Calculated eigenvalues with recent ENDF/B cross
section libraries (black symbol is ENDF/B-VI.8; red symbol
is ENDF/B-VII.0 and blue symbol is ENDF/B-VII.1) for the
HMF66 benchmark.
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FIG. 9: Calculated eigenvalues with recent ENDF/B cross
section libraries (black symbol is ENDF/B-VI.8; red symbol
is ENDF/B-VII.0 and blue symbol is ENDF/B-VII.1) for the
HMF77 benchmark.

consists of 2.5 cm thick rectangular plates, either 25.4
cm x 25.4 cm or 12.7 cm x 25.4 cm in size. Various com-
binations of the HEU and similarly sized polyethylene
plates are stacked into otherwise bare critical assemblies.
A further softening of the spectrum is obtained by sur-
rounding the 12.7 cm x 25.4 cm plates with a 12.7 cm
thick external radial and axial polyethylene reflector. In
summary, there are three broad classes of assemblies, (i)
25.4 cm x 25.4 cm HEU plates with or without interleaved
polyethylene and no external reflector, (ii) 12.7 cm x 25.4
cm HEU plates with or without interleaved polyethylene
and no external reflector and (iii) 12.7 cm x 25.4 cm HEU
plates with or without interleaved polyethylene plus a
12.7 cm thick reflector on all sides. The ENDF/B-VII.1
calculated eigenvalues are illustrated in Fig. 10.
This benchmark suite has been calculated previously

with ENDF/B-VI.8 and ENDF/B-VII.0 cross sections.
As the hydrogen, carbon and 235U cross sections are lit-
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• 235U(n, γ) may be a few percent low according to
PROFIL, but the Wallner 426 keV broad neutron
source AMS spectrometry data (i.e. which are for
similar neutron energies) suggests it may be high
instead. Thus we may have contradictory feedback.

• 236U(n, γ) VII.1 is improved v. VII.0 according to
LANL RC data, see Fig. 52.

• 237U(n, f) VII.1 is improved v. VII.0 according to
LANL RC data, see Fig. 56.

• 238U(n, γ) VII.1=VII.0 is fairly accurate according
to LANL RC (Fig. 58), PROFIL, and Wallner AMS
data.

• 237Np(n, γ) VII.1 is perhaps 6% low according to
PROFIL data, but VII.1 appears to be accurate
when comparing to LANL RC data, see Fig. 48.

• 238Pu(n, γ) VII.1 is improved v. VII.0 according to
PROFIL, but still perhaps 10% or more too high.

• 239Pu(n, γ) VII.1=VII.0 is perhaps 8–9% too low
according to PROFIL. This is important and needs
further study.

• 239Pu(n, 2n) VII.1=VII.0 may need to rise more
quickly from threshold according to PROFIL. See
additional considerations in Ref. [257].

• 240Pu(n, γ) VII.1 (and VII.0) are perhaps 4–5% too
low according to PROFIL.

• 241Pu(n, γ) VII.1 (and VII.0) are perhaps 5% too
low according to PROFIL.

• 242Pu(n, γ) VII.1 is improved according to PRO-
FIL, whereas VII.0 was 12 % high.

• 241Am(n, γ) VII.1 is accurate according to LANL
RC (Fig. 93) and PROFIL data.

• 243Am(n, γ) VII.1 is improved according to PRO-
FIL and LANL RC data (Fig. 97), whereas VII.0
was 17 % low.

The PROFIL experiments also gave feedback on cap-
ture cross sections on fission products in a fast neutron
spectrum. This feedback is summarized in Kahler’s paper
[8].

F. 14 MeV Neutron Transmission

In a previous paper [6] Steven van der Marck pre-
sented extensive data testing results that show com-
parisons of MCNP simulation predictions that use our
ENDF/B-VII.0 cross sections and measured data, for
neutron transmission (shielding) benchmarks. Also, our

!"#$%&

!%'%%"

!%'%"

!%'"

!"

!"% !"( !)% !)( !*% !*( !&% !&(

+
#,
#-
,.
/!0
.1
2,
3!
4!5
.1
/-
#!
6
#1
,/.
2!
4!2
3#
-

789#!:"%$;!3#-<

=>#?!%';!9@A?!*%!B#C

DD6D!E#F31/#9#2,?!G0HD$(""&&!:"=I)<

E06JK!1382C!L6+M4>$NOO'"

FIG. 111: Simulation of 14 MeV neutron transmission
through 15 cm Be, at 30 degrees [6].
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FIG. 112: Simulation of 14 MeV neutron transmission
through 1.6 mfp 6Li at 30 degrees [6].

ENDF/B-VII.0 paper [1] provided some illustrative com-
parisons for a few cases, with particular focus on Liver-
more’s pulsed sphere measurements. Here, we give illus-
trative examples for these same cases – 235,238U, 239Pu,
6Li and 9Be). We show 6Li and 9Be because these eval-
uations have changed from VII.0 to VII.1, though no
changes are observable in the figures shown here because
the changes were all focused at lower energies.

Numerous high-energy pulsed-sphere experiments have
been performed in which small, medium, and large
spheres of 32 different materials were pulsed with a burst
of high-energy (14 MeV) neutrons at Lawrence Livermore
National Laboratory’s ICT (Insulated Core Transformer)
accelerator facility. Measured time-dependent neutron
fluxes at collimated detectors located at a distance of 7
- 10 meters provide a benchmark by which various neu-
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• 235U(n, γ) may be a few percent low according to
PROFIL, but the Wallner 426 keV broad neutron
source AMS spectrometry data (i.e. which are for
similar neutron energies) suggests it may be high
instead. Thus we may have contradictory feedback.

• 236U(n, γ) VII.1 is improved v. VII.0 according to
LANL RC data, see Fig. 52.

• 237U(n, f) VII.1 is improved v. VII.0 according to
LANL RC data, see Fig. 56.

• 238U(n, γ) VII.1=VII.0 is fairly accurate according
to LANL RC (Fig. 58), PROFIL, and Wallner AMS
data.

• 237Np(n, γ) VII.1 is perhaps 6% low according to
PROFIL data, but VII.1 appears to be accurate
when comparing to LANL RC data, see Fig. 48.

• 238Pu(n, γ) VII.1 is improved v. VII.0 according to
PROFIL, but still perhaps 10% or more too high.

• 239Pu(n, γ) VII.1=VII.0 is perhaps 8–9% too low
according to PROFIL. This is important and needs
further study.

• 239Pu(n, 2n) VII.1=VII.0 may need to rise more
quickly from threshold according to PROFIL. See
additional considerations in Ref. [257].

• 240Pu(n, γ) VII.1 (and VII.0) are perhaps 4–5% too
low according to PROFIL.

• 241Pu(n, γ) VII.1 (and VII.0) are perhaps 5% too
low according to PROFIL.

• 242Pu(n, γ) VII.1 is improved according to PRO-
FIL, whereas VII.0 was 12 % high.

• 241Am(n, γ) VII.1 is accurate according to LANL
RC (Fig. 93) and PROFIL data.

• 243Am(n, γ) VII.1 is improved according to PRO-
FIL and LANL RC data (Fig. 97), whereas VII.0
was 17 % low.

The PROFIL experiments also gave feedback on cap-
ture cross sections on fission products in a fast neutron
spectrum. This feedback is summarized in Kahler’s paper
[8].

F. 14 MeV Neutron Transmission

In a previous paper [6] Steven van der Marck pre-
sented extensive data testing results that show com-
parisons of MCNP simulation predictions that use our
ENDF/B-VII.0 cross sections and measured data, for
neutron transmission (shielding) benchmarks. Also, our
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ENDF/B-VII.0 paper [1] provided some illustrative com-
parisons for a few cases, with particular focus on Liver-
more’s pulsed sphere measurements. Here, we give illus-
trative examples for these same cases – 235,238U, 239Pu,
6Li and 9Be). We show 6Li and 9Be because these eval-
uations have changed from VII.0 to VII.1, though no
changes are observable in the figures shown here because
the changes were all focused at lower energies.

Numerous high-energy pulsed-sphere experiments have
been performed in which small, medium, and large
spheres of 32 different materials were pulsed with a burst
of high-energy (14 MeV) neutrons at Lawrence Livermore
National Laboratory’s ICT (Insulated Core Transformer)
accelerator facility. Measured time-dependent neutron
fluxes at collimated detectors located at a distance of 7
- 10 meters provide a benchmark by which various neu-
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The EMPIRE code system is a versatile package for nuclear model calculations that is often used
for nuclear data evaluation. Its capabilities include random sampling of model parameters, which
can be utilised to generate a full covariance matrix of all scattering cross sections, including cross-
reaction correlations. The EMPIRE system was used to prepare the prior covariance matrices of
reaction cross sections of 232Th, 180,182,183,184,186W and 55Mn nuclei for incident neutron energies up
to 60 MeV. The obtained modelling prior was fed to the GANDR system, which is a package for a
global assessment of nuclear data, based on the Generalised Least-Squares method. By introducing
experimental data from the EXFOR database into GANDR, the constrained covariance matrices
and cross section adjustment functions were obtained. Applying the correction functions on the cross
sections and formatting the covariance matrices, the final evaluations in ENDF-6 format including
covariances were derived. In the resonance energy range, separate analyses were performed to
determine the resonance parameters with their respective covariances. The data files thus obtained
were then subjected to detailed testing and validation. Described evaluations with covariances of
232Th, 180,182,183,184,186W and 55Mn nuclei are included into the ENDF/B-VII.1 library release.

Contents

I. INTRODUCTION 3098
A. Overview of the Evaluations 3099

II. COVARIANCE EVALUATION
METHODOLOGY 3100
A. Resonance Region 3100
B. Fast Neutron Region: Uncertainty of the

Reaction Models and Model-Parameter
Uncertainties 3100

C. Combining Modelling Uncertainty and
Experimental Data: GANDR System 3102

D. Cross-Reaction and Cross-Material
Covariances 3103

E. Covariance Formats and Data Processing 3103

III. EVALUATION OF THORIUM 3103
A. EMPIRE Model Calculations 3103
B. Selection of Experimental Data 3104
C. Analysis of Obtained Covariances 3106

∗Corresponding author: r.capotenoy@iaea.org

IV. EVALUATION OF TUNGSTEN
ISOTOPES 3106
A. EMPIRE Model Calculations 3106
B. Selection of Experimental Data 3107

1. 180W 3107
2. 182W 3108
3. 183W 3109
4. 184W 3111
5. 186W 3112

C. Analysis of Obtained Covariances 3112

V. EVALUATION OF MANGANESE 3115
A. EMPIRE Model Calculations 3115
B. Selection of Experimental Data 3116
C. Analysis of Obtained Covariances 3116

VI. SUMMARY AND CONCLUSIONS 3117

Acknowledgments 3117

References 3118

I. INTRODUCTION

In the early days of nuclear technology the designers
were relying on experimental mockups to test new con-
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[105] vs. calculated values (blue line) using dispersive coupled-
channel OMP (RIPL 1480-1482) [109, 110].

FNG-W benchmark [112] was modeled, which involves a
deep penetration of 14 MeV neutrons into a large tung-
sten block and is sensitive to tungsten data in the fast
neutron energy range. Flux attenuation was measured
by a number of activation monitors. The predicted ac-
tivity is within two-sigma for all monitors at all depths,
without any systematic shifts that increase as a function
of the penetration depth, as shown in Fig. 32.

The analysis was extended to criticality benchmarks
from the ICSBEP Handbook [113], namely the ZPR-9
series of benchmarks from Argonne, and the tungsten-
reflected plutonium sphere and the tungsten-reflected
uranium assemblies from the Elsie facility at Los Alamos.
Originally, there was very little improvement in the re-
sults for the criticality benchmarks with the new evalu-
ated data. To remedy the situation, a fine-tuning of the
model parameters was made (within estimated model pa-
rameter uncertainty). Such adjustment had an impact on
the calculated capture cross sections below 1 MeV, but
had little effect on the previously analysed FNG bench-
mark. However, there is some contradiction between the
criticality benchmarks, which would suggest an increase
of the capture cross section below 1 MeV down to about
4 keV, and the activation measurements for gold in the
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FIG. 31: Neutron induced reactions on 182W (top panel)
and 186W (bottom panel) nuclei: EMPIRE=VII.1 calcula-
tions (lines) vs experimental data (symbols).

FIG. 32: Measured activation rates at different depths for the
FNG-W experiment [112] compared to calculated values using
the ENDF/B-VII.1 evaluation.

FNG-W benchmark (see Fig. 32), which would require
a decrease. Since there are several independent critical-
ity benchmarks using fast-neutron assemblies, which indi-
cate the same trend, the decision was to retain the higher
value of the capture cross sections, resulting in about a
10% underprediction of the activation of gold at a depth
of about 35 cm into the tungsten block as measured in

2920
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supplied by the user, then the minimum-variance solution obtained with ZOTT99 is unique and exact. 
At user request, the code will perform a minimally invasive modification of the input covariance 
matrix to enforce consistency (unit chi-squared). Only the diagonal elements are changed, and an 
iteratitive procedure is followed in which only one diagonal element is 
changed at a time, namely, the one which produces the maximum benefit in lowering chi-
squared.  This process is repeated until chi-squared reaches unity. 

1.2 NEA-1852: SEMOVE, A Computer Program for Calculating Derivatives of 
Processed Multigroup Nuclear Data by Discrete Differences (D.W. Muir) 

SEMOVE/GANDR is a Fortran-77 computer program for computing the derivatives of processed 
multigroup nuclear data with respect to the individual parameters of the GANDR library.The basic 
premise is that a user has chosen a multigroup processing program such as NJOY and has developed a 
script that allows the calculation of all nuclear data of interest in his selected group structure and with 
his selected weight function. A distinctive feature of the GANDR project is that the fundamental data 
uncertainties are assumed to reside, not in the ENDF evaluations, but in the parameters of the GANDR 
library.   
 To interface the GANDR library with normal sensitivity tools (such as SUSD3D), and thereby 
to permit the GANDR library to be improved by exploiting the information content of accurate 
integral data, SEMOVE calculates the  changes in the multigroup cross sections that result from 
changes in the GANDR parameters. 
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TABLE XI: Thermal cross sections and their uncertainties for
48Ti+n in barns.

Isotope Cross Section VII.1 VII.0 Atlas
48Ti Capture 8.32±0.23 7.84 8.32±0.16

Total 12.35±0.30 12.16 12.42±0.25
Scattering 4.03±0.17 4.32 4.10±0.20

FIG. 13: Comparisons of SAMMY calculations with the res-
onance parameters of the total and capture cross-sections of
natural titanium in the energy region 10 eV to 100 keV.

Fig. 13 displays the results of the SAMMY fitting of
the total and capture cross-sections from 10 eV to 100
keV. A resonance parameter covariance was generated
for 48Ti as a result of the evaluation with SAMMY. In
the SAMMY fit of the experimental data systematic un-
certainties such as data normalization, background, etc.
were propagated into the final resonance parameter co-
variance. The resonance parameter covariance were con-
verted in the ENDF format using the LCOMP=1 op-
tion and processed with PUFF-IV module of AMPX-6.
No resonance evaluation was done for 46Ti, 47Ti, 49Ti,
and 50Ti. Consequently, the covariances for these iso-
topes were generated based on the retroactive approach.
The uncertainty in the total, capture, and scattering cross
sections at the thermal energy for 48Ti are displayed in
Table XI. Also listed in Table XI are the Atlas results
and that of the ENDF/B-VII.0. The capture resonance
integral and uncertainty calculated with the resonance
parameter covariance is 3.78±0.17 barns, for the Atlas
the value is 3.90±0.25 barns whereas for ENDF/B-VII.0
the value is 3.68 barns. Comparisons of the ENDF/B-
VII.0 and ENDF/B-VII.1 capture cross-sections for 48Ti
are shown in Fig. 14. Several new resonances have been
identified which were not present in the ENDF/B-VII.0
evaluation. The data resolution allowed the identifica-
tion of these resonances. Benchmark calculations using
the titanium ENDF/B-VII.1 evaluation have shown im-
provements over calculations done with ENDF/B-VII.0,
as discussed in more detail by Kahler [8].

FIG. 14: Comparisons of the capture cross-section of 48Ti
calculated with ENDF/B-VII.0 and ENDF/B-VII.1.

Higher energy region

Above the resonance regions, all the cross sections were
calculated with the GNASH and CoH3 [60] codes, where
the model parameters were adjusted to optimize agree-
ment with the available experimental data, including the
γ-ray production cross section data measured at GEANIE
[57]. We have also produced covariance matrices for the
cross sections from the nuclear reaction model calcula-
tions with the KALMAN code.

The energy balance problem in the earlier ENDF/B-
VII.0 Ti evaluations, which were taken from JENDL-3.3,
arose due to a bug in a code when neutron and γ-ray
energy spectra were calculated. The energy spectra were
recalculated with the CoH3 code, and we confirmed en-
ergy conservation was properly accounted for by using
the HEATR module in NJOY.

An important modification to the 48Ti was elastic scat-
tering angular distributions at low energies. In ENDF/B-
VII.0 the elastic scattering angular distributions are cal-
culated with the optical model and the Hauser-Feshbach
statistical model. We found that the calculated P1 (the
L = 1 component of the Legendre expansion coefficients)
for the differential elastic scattering tends to overestimate
the reflection of neutrons in the critical assemblies with
a Ti reflector, and adjustment of the optical potential
parameters does not solve this problem. This was finally
resolved by replacing the elastic scattering angular distri-
butions of 48Ti up to 4 MeV by those in ENDF/B-VI (in
fact they are the same as ENDF/B-V by C. Philis, A.B.
Smith, and R. Howerton in 1977), in which the angular
distributions were evaluated based on experimental data
of Langsdorf et al. [61], Barnard et al. [62] and Guen-
ther et al. [63]. The evaluated P1’s in ENDF/B-VII.0
and ENDF/B-VII.1 are compared in Fig. 15. The larger
P1 values in ENDF/B-VII.1 in the fast energy range give
more neutron scattering in the forward angles, which re-
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FIG. 15: The L = 1 component of the Legendre expansion
coefficients for the differential elastic scattering from 48Ti, as
a function of neutron incident energy.

sults in less reflection of neutrons inside the reflector, and
consequently improved agreement with critical assembly
data [8].

2. V

An elemental vanadium evaluation was previously
given in ENDF/B-VII.0. For ENDF/B-VII.1 we provide
a new 51V evaluation; the 50V was taken from JENDL-4.0
(its isotopic abundance is very small, 0.25%).

The motivation of our re-evaluation of vanadium data
is given below. The original ENDF/B-VI evaluation was
developed by Smith et al. in the late 80’s [64, 65]. In
1999, the importance of gas production data on vana-
dium was studied [66], leading to the (n,np) and (n,t)
reaction cross sections being updated by Rochman et al.

in 2005 [67]. The changes in the (n,np) and (n,t) chan-
nels were absorbed by adjusting the continuum inelastic
scattering cross sections, which does not preserve con-
sistency in the model calculations. For ENDF/B-VII.1,
LANL performed statistical model calculations with the
CoH3 code, maintaining the quality of the evaluations
by Rochman et al., and replaced all the reaction cross
sections in ENDF/B-VII.0 by these new calculations.

As an example, the evaluated capture cross section is
shown in Fig. 16. In this plot, the experimental data
of Dudey et al. [68] and Sahota et al. [69] are shown
by the filled-squares and open-circles, and all the other
data are shown by the filled-circles. The experimental
data of Sahota et al. [69] were corrected by using the
recent evaluated cross section of 127I capture reaction as
a monitor, as well as the updated γ-ray branching ratio.

 0.1

 1

 10

 0.1  1  10

C
ap

tu
re

 C
ro

ss
 S

ec
tio

n 
[m

b]

Neutron Incident Energy [MeV]

Dudey
Sahota (fixed)
ENDF/B-VII.1

ENDF/B-VII
JENDL-4

FIG. 16: The evaluated 51V capture cross sections, compared
with available experimental data. We have selected two ex-
perimental data sets — Dudey et al. and Sahota et al., and
all the other data were shown by the filled circles.

Because vanadium is an important structural material
for nuclear technology, the total and elastic scattering
cross sections in the fast energy range play a key role in
the neutron shielding calculations. The fluctuating be-
havior in the total cross section in the MeV energy range
cannot be reproduced by an optical model calculation,
and we often reproduce the experimental total cross sec-
tion by a least-squares method. The total cross sections
in ENDF/B-VII.0 (same as ENDF/B-VI) and JENDL-
4.0 were evaluated in that way, hence basically they fol-
low a tendency of experimental data in the MeV region.
We compared these evaluations, and concluded that the
more recent JENDL-4.0 evaluation gives a better agree-
ment with the experimental data. Therefore the JENDL-
4.0 total cross section was adopted up to 5 MeV, and a
new optical model calculation was used above this energy.

3. 55Mn

Accurate neutron capture cross-sections of 55Mn are
important for fission and fusion reactor designs in view
of its use as an alloy structural material. It is also a
well known neutron dosimeter. Furthermore, accurate
cross-section data are needed to support criticality safety
analyses.

The previous ENDF/B-VII.0 evaluation for 55Mn
neutron induced reactions dates back to 1988 [70].
The important 55Mn(n,2n) reaction has been recently
reevaluated from threshold up to 40 MeV for neutron
dosimetry applications [71]. Deficiencies of the dosi-
metric evaluation of the 55Mn(n,γ) reaction have been
often reported. The availability of new experimental
capture data [72, 73] in the resonance range, and of a
new dosimetric evaluation, motivated the work presented
herein.
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Zr needed to be reworked for 
ENDF/B-VII.1

! ENDF/B-VI.8 fitted 
natZr(n,tot), but missed 
outgoing dists.

! ENDF/B-VII.0 is 
EMPIRE evaluation, 
but not fitted

! Attempted re-evaluation 
for ENDF/B-VII beta, but 
that version tested poorly 
• Leakage problems (not leaky enough!)
• Suspected problem (n,el) angular distributions
• Lead evaluator had health issues that prevented him from 

fixing evaluation
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FIG. 45: natZr(n,tot) cross section. The ENDF/B-VII.1 eval-
uation preserves the data-driven fluctuations present in the
older ENDF/B-VI.8 evaluation.

components. We took the energy-dependence of the
level spacing to be the Gilbert-Cameron level density
formula with associated parameters from Mughabghab
[35, 126]. Further, we took the energy-dependence of
capture widths to be the generalized Fermi liquid model
[126] with associated parameters from [35]. We use an
effective scattering radius of 7.2 fm in the URR.

Fast neutron region
Because the Zr isotopes are so close to a closed shell, the
total and elastic cross sections exhibit pronounced fluctu-
ations up to nearly 1 MeV. To preserve these fluctuations,
which were present in the original ENDF/B-VII.8 eval-
uation and integral testing suggests are important, we
used EMPIRE’s ability to tune cross sections to data to
match natZr(n,tot) (see Fig. 45). Total cross sections
in all of the Zr isotopes were tuned with the same fac-
tors while elastic cross sections were obtained subtract-
ing non-elastic channels from the total. Whilst strictly
speaking this is not correct, it preserves the transport
cross section for natZr while leaving the activation cross
sections for the individual isotopes unchanged. Model
calculations in the fast energy range were based on nu-
clear model calculations using the EMPIRE code [82].
Starting values for nuclear model parameters were taken
from the RIPL recommendations [85]. A dispersive OMP
(RIPL 609) [85] based on soft rotor couplings was used
to describe the incident channel on even-even targets; the
same potential with rigid-rotor couplings (RIPL 611) was
employed to describe the incident channel for even-odd
isotopes. The optical model calculations for the incident
channel of even-even Zr isotopes were performed with
the OPTMAN code [149], which is capable of including
soft-rotor couplings. All other optical model calculations
were performed with the ECIS code [87] that is incor-
porated into the EMPIRE system. TUL multistep di-
rect and the Heidelberg multistep compound models were
employed to describe the preequilibrium neutron emis-
sion; proton, gamma and cluster pre-equilibrium emis-
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FIG. 46: natZr(n,el) double differential cross section for neu-
trons with incident energy 3.6 MeV. The ENDF/B-VII.1 eval-
uation tracks the shape of JENDL-4.0, but with the normal-
ization controlled by the fluctuations in Fig. 45.

sion was calculated using a one-component exciton model
(PCROSS). Hauser-Feshbach [88] and Hofmann-Richert-
Tepel-Weidenmüller [89] versions of the statistical model
were used for the compound nucleus cross section calcula-
tions. Both approaches account for the multiple-particle
emission and the full gamma-cascade. Level densities
were described by the (semi)-microscopic parity depen-
dent Hartree-Fock-Bogoliubov level densities [85].

Extensive comparison of the calculated elastic angular
distributions with the wealthy amount of experimental
data (about 150 plots) demonstrated that JENDL-4.0
using the Walter-Guss OMP below 6 MeV, and Koning-
Delaroche OMP above 6 MeV describes measurements
better, especially at low incident energies. Since KAPL
sensitivity studies indicated that elastic angular dis-
tributions might be of importance for their integral
testing we adopted the (n,el) angular distributions from
JENDL-4.0. A sample angular distribution is given
in Fig. 46. It can be seen that our tuning of the
elastic cross sections slightly improves agreement with
the experimental data. Benchmarking performed with
the suite of 22 integral experiments (see accompanying
validation paper [8]) confirmed that switching to the
JENDL angular distributions reduces over prediction
of the TRIGA 132 and 133 reactivities by 50% bring-
ing our results well within the experimental uncertainties.

Covariance data
We added the Zr point-wise covariance data which
were used to produce group-wise COMMARA-2.0 [150]
library to the evaluations. In the thermal and resolved
resonance region we made use of the covariance formal-
ism based on the kernel approximation along with data
in the Atlas of Neutron Resonances. In the fast neu-
tron region covariance estimates were calculated using

2929
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We took over the evaluation
and made a few key changes

! Found backward peaked low energy neutron dists. - 
now patched using JENDL-4

! S. Mughabghab reevaluated the RRR:
• 90Zr all new
• 91Zr first pass at fixes

37

Zirconium evaluations

H. I. Kim, S. Mughabghab, M. W. Herman, R. Capote, A. Trkov, and R. Arcilla
(Dated: September 21, 2011)

A. Zr

Rationale for new evaluation
Zirconium is used in fuel rods cladding due to its
corrosion-resistance and low thermal neutron absorption
cross-section. It is also considered in advanced reac-
tor design studies as a moderator (in the form of zir-
conium hydride) and as inert matrix fuel material. The
ENDF/B-VI.8 files evaluated in the 1970’s relied heav-
ily on experimental data and lacked quantities such as
double-differential cross sections and gamma production.
Therefore the preliminary version of ENDF/B-VII.0 fol-
lowed recommendations of the WPEC Subgroup 23; in
most cases CSEWG adopted neutron resonances recom-
mended by Mughabghab [1] and JENDL-3.3 evaluations
in the fast neutron range, except 90Zr where CSEWG
favored the BROND-2 evaluation. These evaluations
turned out to perform worse than ENDF/B-VI.8, show-
ing an undesirable drop in the reactivity when tested
by KAPL and Bettis [2]. Sensitivity studies indicated
that this shortage could be counteracted by increasing
the elastic cross section in 90Zr. The NNDC (BNL) per-
formed a new evaluation of the fast neutron region in 90Zr
using the EMPIRE code and dispersive optical model
potential for 105Pd [3], which provided acceptable de-
scription of the total cross section on 90Zr and confirmed
the higher elastic scattering cross section. This evalua-
tion was accepted by KAPL and Bettis and adopted by
CSEWG for the final release of ENDF/B-VII.0.

Integral testing of ENDF/B-VII.0 performed after its
release revealed that the new set of Zr evaluations over
predicts reactivity in the TRIGA C132 and C133 bench-
marks by more than 500 pcm. In addition, new not
yet published measurements of the total cross section on
natural Zr performed by RPI indicated that ENDF/B-
VI.8 values were much closer to the new data than those
of ENDF/B-VII.0. Finally, continued testing at KAPL
showed that ENDF/B-VI.8 performance was still supe-
rior compared to all modern libraries. This can be viewed
as a clear case in which a dated evaluation using little the-
ory but hooked to the experimental data is better than
more recent evaluations using far more advanced model-
ing but paying less attention to the measurements.

In the old ENDF/B-VI.8 evaluation and in the exper-
imental data, there are pronounced fluctuations in the
total and elastic cross sections below 1 MeV indicating
either resonance structure or potentially insufficient level
density for statistical model treatment, most likely re-
lated to the closed neutron shell in 90Zr. In the new eval-
uations we describe below, we attempt to preserve the
completeness of the model based evaluations without los-
ing the experimental information that cannot be repro-

TABLE I. Calculated thermal cross sections (σT ) and reso-
nance integrals (Iγ) for

90Zr and 91Zr.
90Zr 91Zr

Reaction σT (barn) Iγ (barn) σT (barn) Iγ (barn)

Total 5.50762 - 11.0729 -

Elastic 5.49765 - 9.85728 -

Capture 9.97256×10−3 0.132506 1.21566 6.0062

duced within reaction theory. While doing this, we make
use of advanced approaches such as coupled-channel soft-
rotor optical potential and microscopic, parity dependent
level densities.
Resonance region
New resonance region evaluations were developed for 90Zr
and 91Zr. Table I summarizes the thermal cross section
and resonance integrals for the two evaluations.

90Zr: The ENDF/B.VII.0 thermal capture cross sec-
tion, 77 mb, was taken from the Atlas recommendations
[1]. This value was obtained by the subtraction method,
so a thermal capture cross section of 0.830 ± 0.083 b for
91Zr was adopted, based on the measurements of Lone [4].
A more recent measurement by Nakaruma et al. [5] re-
ported a low limit of 1.30± 0.04 b for the thermal capture
cross section of 91Zr indicating that the derived thermal
capture cross section for 90Zr is over-estimated. There-
fore, we removed the bound level at -234 eV but otherwise
adopted the ENDF/B-VII.0 resonances. The computed
thermal capture cross section from the positive-energy
resonances is 10 mb, which is in good agreement within
the uncertainty limits with a measured value of 14+8

−4 mb
[4]. We truncated the resolved resonance region at 53.5
keV.

91Zr: As mentioned above, to be consistent with the
natural zirconium capture cross section, we derived a
thermal capture cross section of 1.216 b using two bound
levels to describe the thermal capture cross section and
bound coherent and incoherent scattering lengths [1].
This is consistent within two standard deviations of [5].
We also adopted resonance parameters below 20 keV and
an effective scattering radius of 7.2 fm from Mughabghab
[1]. We assume average radiative widths of 127 meV
and 223 meV for those s- and p-wave resonances, re-
spectively, for whose widths were not determined from
measurements [1, 6, 7]. We assigned � values that had
not been determined from measurements by applying the
Bayesian approach while undetermined J values were as-
signed randomly to follow the 2J+1 rule. With these
parameters, we compute the Wescott factor for capture
as gw = 1.0031. In the unresolved resonance region, we
deduce an average level spacing and strength functions
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New Zr evaluations perform 
well in TRIGA and ZPR 
assemblies
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New decay sublibrary enables 
more accurate decay heat 
calculations

39
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In addition to the incorporation of new and updated
data from ENSDF, the new ENDF/B-VII.1 contains a
number of modifications, additions and error resolutions,
compared with ENDF/B-VII.0. These include a more
thorough treatment of the atomic radiation, improved
Q value information, recent theoretical calculations of
the continuous spectrum from beta-delayed neutron emit-
ters, and new TAGS (Total Absorption Gamma-ray Spec-
troscopy) data.

Atomic radiation, X-rays and Auger electrons, are pro-
duced from the filling of atomic vacancies created in elec-
tron capture and electron conversion. A detailed de-
scription of these processes is important for nuclides for
which the main decay mode is electron capture. It is
also relevant in heavy deformed nuclei where gamma-ray
transitions are strongly converted, as well as in the de-
formed actinides where the gamma-ray transition energy
is smaller than the K binding energy. In ENDF/B-VII.0,
the atomic data included fluorescence yields, energies and
intensities taken from the 8th edition of the Table of Iso-
topes [259].

In the new ENDF/B-VII.1, the atomic data from the
Evaluated Atomic Data Library [260] developed by LLNL
was used, in a similar way to the calculations described
by Stepanek [261]. All the K-L, K-M and K-N as well
as the Lα, Lβ and Lγ X-rays are included. In addition,
the KLL, KLX, KXY, LLX, LMM, LMX, LXY, MMX,
and MXY average Auger electrons are also listed. The
electron conversion to atomic sub-shells was calculated
with the code BRICC [262].

An essential component of any decay process is the
total energy available for the decay (Q value). The pre-
vious ENDF/B-VII.0 makes use of the 2003 Audi mass
evaluation [263]. Since then, with the advent of multi-
ple Penning traps around the world, numerous masses
of both neutron and proton rich nuclei have been mea-
sured with very high precision. These are incorporated
into the 2009 and 2011 updates of the mass evaluation
and have been used in creating the ENDF/B-VII.1 decay
sublibrary. Changes in the overall Q value for a decay im-
pact the values of energy for electromagnetic radiation,
light particles, and heavy particles.

In some neutron rich nuclei, beta-decay followed by
neutron emission is an energetically favored decay mode.
The resulting neutron spectrum is very difficult to mea-
sure experimentally and data are available for only a se-
lect few cases. As this decay mode has particular rel-
evance for energy applications, ENDF/B-VII.1 includes
new theoretical calculations using the Cascading Gamma
Multiplicity (CGM) model of continuous gamma, beta,
and neutron spectra [264]. The calculations were per-
formed for beta-delayed neutron emitters which comprise
the thermal neutron fission fragment yield of 235U and
239Pu. The previous ENDF/B-VII.0 modeled the neu-
tron spectrum using Gross theory whereas in the present
calculations, a micro-macroscopic (QRPA) theory of the
beta-decay strength function is coupled with a statistical
modeling of the levels and continuum in the daughter nu-

FIG. 102: Decay heat multiplied by time for a single fission
event for 235U(n,f) at neutron thermal energy. Shown are the
electromagnetic (blue) and light particle (red) components of
the decay heat. ENDF/B-VII.1 values are compared with
experimental data [267].

cleus. Depending on the known available data, different
types of files were generated. For those nuclei where the
complete neutron spectrum is known, the neutron data
from ENDF/B-VI.8 was combined with the beta-decay
data in ENSDF, as in 136I. In cases where only a portion
of the neutron spectrum is measured, the neutron data
from ENDF/B-VI.8 were merged with the CGM calcu-
lations to provide a complete neutron spectrum up to
the available Q value. For those nuclei where no neutron
data are available, but detailed gamma and beta radia-
tion have been determined, the information from ENSDF
was combined with the neutron spectrum from the CGM
calculations. Finally, for those nuclei where no measure-
ments have been performed, the theoretical calculations
provided the gamma, beta, and neutron spectra. The
values of Pn (delayed neutron emission probability) were
taken from ENSDF when experimentally known; other-
wise, the values from the CGM calculations were used.
Lifetimes were also taken from ENSDF when experimen-
tally known, otherwise the systematic values provided by
Pfeiffer et al. [265], were adopted.

Total Absorption Gamma-ray Spectrometry (TAGS) is
sensitive to the total beta-decay population of all nuclear
levels, rather than to individual, discrete gamma-rays.
Particularly in cases where the Q value is quite large, dis-
crete gamma rays can be missed, and the TAGS method is
preferred for an accurate measurement of the total beta-
decay strength. The values of energy of electromagnetic
radiation and energy of light particles from the recently
published TAGS data for 105Mo, 104,105,106,107Tc [266],
were included in ENDF/B-VII.1.
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Despite all these improvements, 
there is still work to be done: Pb

40
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Where We Need More Work - Lead 
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Steel (Fe) and 
deplU results are 
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also poorly 
predicted. 
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233U solution assemblies also 
indicate a problem 
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Every evaluation needs to be 
checked and we humans can’t 
seem to do it right 

! The Problem:
• No evaluator remembers to run basic checks (CHECKR, FIZCON) 

on the evaluations
• We should not have rely on Skip and Ramon to tell us if NJOY 

barfed...
! A Solution: “continuous integration”, a common practice in 

software development.  Every commit or every hour (you pick), 
retest any evaluation that changed.

! As a result, bugs are discovered as soon as data is committed

42

ADVANCE: Online Data Verification System
(Automated Data Verification and Assurance 

for Nuclear Calculations Enhancement)
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Prototype ADVANCE system 
was invaluable in preparing 
ENDF/B-VII.1

43
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ADVANCE will be expanded & 
should be ready for general use 
by the end of FY12
! Use CruiseControl for 

test management
! Integrate current report 

generator
• NNDC codes
• NJOY output
• fudge output

! Integrate covariance QA 
system
• MACS, other spectrum average 

plots
• plots of cross sections

! Ground work for general 
evaluation review system

44
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minor actinides adopted from the JENDL-4.0 library [9].
A smaller number of evaluations was produced for nuclear
criticality safety and other applications.

A summary of ENDF/B-VII.1 covariances is given
in Table VI. More than 100 materials were taken
directly from the COMMARA-2.0 covariance library
which includes 6 priority minor actinides, 242Pu and
242,243,244,245,246Cm, adopted from JENDL-4.0. The lat-
ter library also supplied additional 53 minor actinides.

There were no changes made to the standards cross
sections (MF3 file) in the ENDF/B-VII.1 neutron sub-
library, because no new standards evaluations have been
released, but full standards covariances for the standards
[7] have been inserted in the MF33 files after adjusting
them to account for the difference between standards and
VII.1 cross sections if applicable. These covariances in-
clude not only cross-energy but also cross-reaction and
cross-material correlations in cases where they are not
negligible (e.g. the correlations between 235U and 238U
fission cross sections that are present because of the use
of cross section ratio measurements in the evaluation of
the standards).

TABLE VI: Summary of neutron cross section covariances in
ENDF/B-VII.1. Data are available for 190 materials, includ-
ing 6 priority and 53 minor actinides taken over from JENDL-
4.0.

Category Materials Comment
Light nuclei 12 6 evaluated by R-matrix

6 low-fidelity estimates
Structural + FPs 105 38 evaluated for COMMARA-2.0

40 updated low-fi estimates
15 eval for crit safety
12 eval for other purposes

Priority actinides 20 13 evaluated for COMMARA-2.0
1 mat from ENDF/B-VII.0
6 materials from JENDL-4.0

Minor Actinides 53 Low priority, all JENDL-4.0

D. Plots by Sigma Covariance QA System

The covariance quality assurance (QA) system recently
developed by the NNDC is based on the Sigma Retrieval
& Plotting Web interface for nuclear reaction data [34].
A particularly powerful part of the system is compari-
son of integral cross section values probing various seg-
ments of covariances as a function of neutron energy.
Currently, Sigma offers integral quantities using the fol-
lowing weighting spectra: thermal energy, resonance in-
tegral (RI, 1/E spectrum), 30 keV Maxwellian spectrum
(MACS), 252Cf spectrum, and 14 MeV neutron energy,
as illustrated in Fig. 1.

The idea is to compare integral cross sections between
major evaluated nuclear data libraries, including data
from the Atlas of Neutron Resonances [35] and the Karl-
sruhe astrophysics database KADoNiS [36]. Dispersion
between these quantities sheds light on the quality of
ENDF/B-VII.1 covariances. As an example, Fig. 2 shows

FIG. 1: Weighting neutron spectra used by Sigma covariance
QA system developed by the NNDC.

(n,γ) and (n,f) integral cross sections with available un-
certainties for 235U, for 238U and also for 239Pu. One can
see that in most instances our results look plausible. In
several cases, however, such as 235U(n,γ) ENDF/B-VII.1
MACS uncertainty seems to be perhaps too large, show-
ing a potential issue to be addressed in the future. The
figure also shows that VII.1’s 239Pu(n,γ) cross section lies
significantly below other evaluations in the fast range - a
topic requiring future attention. Also, it is evident that
the fission cross section uncertainties are thought to be
very small.

E. Discussion

It should be emphasized that even though an impres-
sive amount of progress has been achieved in covariance
evaluations since the release of ENDF/B-VII.0 library in
2006, a non-negligible fraction of our results suffer from
inherent limitations. There are several reasons for this:

Due to limited resources, CSEWG decided to address
the specific needs of a single user – the AFCI data ad-
justment project (as well as the Criticality Safety pro-
gram to a lesser extent). For this reason the backbone
of ENDF/B-VII.1 covariances is the COMMARA-2.0 li-
brary containing data for 110 materials which were de-
veloped and tested in a 33-energy group representation.
It should be understood that the production of covari-
ances for this amount of materials, under both time and
funding constraints, was not possible without our resort-
ing to simplified procedures in many instances. This,
naturally, can be subject to criticism, and is also reason
for caution when applying our covariances beyond their
intended application. For example, in many cases, co-
variances were not developed within a consistent simul-
taneous approach but added “a posteriori”. The issue
of discrepancy between central values was taken into ac-
count by retrofitting (enlarging) uncertainties whenever
necessary to embrace the difference. On the other hand,
it should be emphasized that the strength of the AFCI
covariance effort was the close collaboration of BNL and
LANL evaluators with ANL and INL reactor analysts led
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FIG. 2: Screen-shot from the Sigma covariance QA system showing (n,γ) and (n,f) integral cross sections for 235U (top), 238U
(middle) and 239Pu (bottom). Shown are thermal cross sections, resonance integrals (RI), 30 keV Maxwellian averages (MACS),
averages over 252Cf spectrum, and 14 MeV cross section for major evaluated data libraries relative to ENDF/B-VII.0. Also
shown are data from the Atlas of Neutron Resonances; note that nuclear astrophysics database KADoNiS does not cover the
actinide mass region. See http://www.nndc.bnl.gov/sigma/endf71b4.jsp.

by M. Salvatores and G. Palmiotti. These analysts tested
four consecutive versions of the library, allowing evalua-
tors to resolve step-by-step all identified issues and grad-
ually improve their data. As a consequence, the resulting
COMMARA-2.0 library, despite its limitations, is consid-
ered by both evaluators and reactor analysts to be fairly
well tested and of plausible quality.

Second, current evaluation methodologies continue to
be a research project and are subject to debate, and a
consensus within the nuclear data evaluation community
on the relative merits has not been reached. As a conse-

quence, considerable differences in covariances produced
by various evaluators are not uncommon. Perhaps the
most important single issue is an inadequate treatment
of systematic uncertainties, which often boils down to
observation that “uncertainties are too low.” Years ago,
Fröhner pointed out that a covariance evaluation requires
knowledge of the data reduction process [37]. This can
be seen by considering a typical data reduction process
involving subtraction of a background b ± ∆b and multi-
plication by a calibration factor c±∆c. This implies that
the data reduction method to obtain counts αj from the
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Other longer term changes are 
in the works

! New data:
• Activation/dosimetry reactions ?
• Expanded charged particle library (porting ENDL2011 charged 

particle sublibrary)
• Filling holes in reaction networks
• Eliminate last elemental evaluation from transport library: natC

! New format:
• Most likely based on Generalized Nuclear Data format
• USNDP/CSEWG actively participating 
• WPEC hopefully to form to collect international input 

! Investigating possibility of international, unified 
evaluated nuclear data library

45
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ENDF/B-VII.1 was the combined 
effort of collaborators from 
across the US...
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Prospects for Full-Core Monte Carlo 
Simulation including Multiphysics Feedback

PHYSOR12 Workshop
Advanced Monte Carlo for Reactor Physics Core Analysis
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Nuclear Engineering and Radiological Sciences

University of Michigan
wrm@umich.edu



2

Acknowledgements

 This presentation is based on discussions with a 
number of reactor methods developers and Monte 
Carlo specialists and their recent papers and 
presentations. See the list of references. 

 Specific thanks to Forrest Brown (LANL), Kord Smith 
(MIT), Dave Griesheimer (Bettis), John Wagner 
(ORNL), Tom Sutton (KAPL), Eduard Hoogenboom 
(Delft), Bojan Petrovic (Ga Tech), and Han Joo (SNU) 
for helpful and informative discussions. I have also 
“borrowed” selected overheads from their 
presentations and extracted results from their papers.  



3

Outline of talk

 Why do we want Monte Carlo for routine 
design/analysis of full-core reactor configurations?

 What are the challenges to achieving this goal?
 How are we doing? 
 Prospects for the future
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Advantages of Monte Carlo

 Monte Carlo can analyze neutronic configurations 
with arbitrary geometrical complexity and arbitrary 
physics complexity. 

 For continuous energy Monte Carlo, there is no 
“operator split” step associated with generating 
multigroup cross sections, a key step in the overall 
calculational sequence which introduces errors that 
are difficult to quantify. 

 Monte Carlo is known to perform efficiently 
(parallelization efficiency) on all known (production) 
computer architectures, perhaps with substantial 
changes to the code and to the underlying algorithm 
and data structures
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Very high temperature gas reactor

Geometric complexity
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Geometric complexity – from TRISO 
microspheres to full core

Fuel kernel

Ceramic coatings (4)

PARTICLES FUEL BLOCK VHTR CORECOMPACT

Coated microsphere: TRISO fuel (< 1 mm dia)
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Physics complexity

U238 Capture Cross Section
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The push for full-core Monte Carlo

 Monte Carlo offers the potential for high fidelity
simulation of complex reactor configurations.
However, the impetus for developing full-core
Monte Carlo as a routine design/analysis tool goes
well beyond high fidelity.

 Full-core Monte Carlo with depletion and
multiphysics feedback enables a sea change to the
workflow for nuclear reactor analysis. Pin cell and
assembly calculations are not needed. Color sets
and restarts are not needed. The following
overhead from John Wagner illustrates the current
workflow.
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Current State-of-the-Art in Reactor Analysis

General Electric ESBWR

pin cell

• 1-D transport (high-order)
• High energy fidelity (> 200 groups)
• Approximate state and BCs

lattice cell

• 2-D transport
• Moderate energy fidelity (30-50 groups)
• Approximate state and BCs
• Depletion with spectral corrections
• Spatial homogenization

core

• 3-D diffusion (low-order)
• Low energy fidelity (2-4 groups)
• Homogeneous lattice cells
• Heterogeneous flux reconstruction
• Coupled physics
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The push for full-core Monte Carlo (2)

 A number of experienced groups are pushing hard
to develop this capability. Consider the following
excerpts from the 4 speakers at the MCD
Computational Roundtable at the Summer 2011 ANS
Meeting in Florida.



Monte Carlo Codes
XCP-3, LANL

Monte Carlo Methods in Reactor Physics:

Current Status  &  Future Prospects

Organizer: Anil Prinja   (U. New Mexico)
Chair: Forrest Brown   (LANL)

Panel: Forrest Brown   (LANL / UNM)
Kord Smith   (Studsvik / MIT)
John Wagner   (ORNL)
David Griesheimer   (Bettis)

ANS Summer Meeting - Hollywood, FL - June 27, 2011

ANS Mathematics & Computation Division - Roundtable



Monte Carlo for Practical
LWR Analysis:

what’s needed to get to the goal?

Kord S. Smith

June 27, 2011

kord.smith@studsvik.com

kord@mit.edu



Hybrid and Parallel Domain-
Decomposition Methods 
Development to Enable Monte 
Carlo for Reactor Analyses 

Presenter: John Wagner

Contributors: Scott Mosher, Tom Evans, 
Douglas Peplow, Brenden Mervin, 
Nicholas Sly, Ahmad Ibrahim

Current Issues in Computational Methods – Roundtable 
Monte Carlo Methods in Reactor Physics: 
Current Status and Future Prospects

ANS Annual Meeting, June 27, 2011
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Our goal is to enable efficient full-core Monte 
Carlo reactor simulations on HPC platforms

• Current state‐of‐the‐art methodology
– Based on nodal framework (late 1970’s)
– High‐order transport at small scale, 

diffusion at large scale
– Single workstation paradigm

• Continuous‐energy Monte Carlo (MC)
– Explicit geometric, angular and nuclear 

data representation – highly accurate
– Avoids problem‐dependent multigroup

xs processing – easy to use
– Computationally intensive – considered 

prohibitive for “real” reactor analyses

pin cell
lattice cell

nodal core model

U‐235 fission cross section



MC21MC21
Monte Carlo Methods in Reactor Physics: 

Current Status and Future Prospects
-- In-Line Feedback Effects

June 27, 2011

D.P. Griesheimer 

Bechtel Marine Propulsion Corporation
Bettis Atomic Power Laboratory

B-T-3875
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Tom Sutton presented the following talk at the 
University of Michigan last October, detailing 
the plans for development of MC21, arguably the 
most advanced of the Monte Carlo codes for 
attaining full-core capability as well as 
multiphysics feedback.



MC21MC21
Progress in Monte Carlo for Reactor 

Design and Analysis
October 6, 2011

Thomas M. Sutton 
Bechtel Marine Propulsion Corp.

Knolls Atomic Power Lab.

With contr ibutions by members of the MC21 development and user teams:
D. P. Griesheimer, P. S. Dobreff,  D. J. Kel ly,  T. H. Trumbul l ,  T. J.  Donovan,

B. R. Nease, D. F. Gi l l ,  D. C. Carpenter, B. E. Toth, D. L. Mi l lman, P. K. Romano,
R. N. Slaybaugh, R. R. Gouw, E. Caro, H. Joo, S. L. Brown, W. E. Kerr ick, 

L. J.  Tyburski
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Challenges to be overcome in order to 
achieve the capability for routine full-

core Monte Carlo
 Sheer size of the problem to be solved: prohibitive 

computational time and memory demand
 Slow source convergence
 Apparent versus true variance
 Accommodating multiphysics coupling
 Adapting to future architectures – opportunity or 

challenge?
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Challenges for Full-Core Monte Carlo

 Sheer size of the problem to be solved: prohibitive 
computational time and memory demand

 Slow source convergence
 Apparent versus true variance
 Accommodating multiphysics coupling
 Adapting to future architectures – opportunity or 

challenge?
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Sheer size of the simulation

 Issue: geometry information, cross section data, and 
tally data too large to contain in memory for single CPU. 

 Remedies:
 Domain decomposition
 Data decomposition
 Wait awhile ……   
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Remedy 1: Domain Decomposition
If a Monte Carlo problem is too large to fit into memory of a single 

processor

 Need periodic synchronization to interchange particles among 
nodes

 Use message-passing (MPI) to interchange particles
 Domain decomposition is often used when the entire problem will 

not fit in the memory of a single SMP node (e.g. Mercury at LLNL)

Collect
Problem
Results

Decompose
problem into

spatial domains

Follow histories in each
domain in parallel,

move particles to new
domains as needed
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Domain decomposition may not scale
 Inherent parallelism is on particles

 Scales well for all problems

 Domain decomposition
 Spatial domains on different processors
 Scales OK for Keff or  calculations,  
where particle distribution among domains is roughly uniform
 Does not scale for time-dependent problems
due to severe load imbalances among domains

 Domain decomposition - scaling with N processors
 Best: performance ~ N (uniform distribution of particles)
Worst: performance ~ 1 (localized distribution of particles)
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ORNL has been exploring an overlapping domain 
decomposition scheme. The following overhead 
is taken (with minor changes for readability) from 
John Wagner’s Roundtable presentation in 
Florida
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A novel MSOD domain-decomposition algorithm

Particles are decomposed 
across sets

Np,s = Np / NsBlock N

Overlapping regions

Each set has N blocks
With overlapping regions

• The multiset/block decomposition allows variance to be estimated 
by statistical averaging across sets.

• Load-balancing and machine-level communication is amortized by 
reducing communication across entire geometry.
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Remedy 2: Data decomposition
Data is distributed by domain decomposition, but 
parallelism is on particles. Maybe reverse this:

Parallel on particles  +  distributed data

• Basic idea:
• Existing parallel algorithm for particles
• Distribute data among processor nodes (data decomposition)
• Fetch the data to the particles as needed (dynamic)

• Essentially same approach as used many years ago 
for CDC (LCM) or CRAY (SSD) machines

• Scales well for all problems (but slower)
• Forrest Brown (LANL), Paul Romano (PhD student, 

MIT), and Ben Forget (MIT)
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Depletion adds to the computational 
time and memory burden

 There are many MC depletion codes out there. Many 
couple existing depletion codes (e.g., Origen or Cinder) 
with existing MC codes, creating codes such as MOCUP, 
Monteburns, MCODE, etc. Typically done with a script. 

 A few MC codes have integrated depletion capabilities: 
 Serpent
 Vesta-Moret
 MCNP6
 MC21

 Depletion adds considerable demand on memory and 
computational time.

 Depletion complicates uncertainty quantification and 
propagation of error.
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Remedy 3: Wait awhile ….

 Domain decomposition complicates the coding and 
may have workload issues.

 Data decomposition is promising but will require 
substantial changes to MC codes 

 Alternative: wait until the vendors offer a large enough 
multicore node with sufficient memory. Nodes are 
actually SMPs with memory that  scales with the 
number of cores.

 Example – the T-H group (Annalisa Manera) in Nuclear 
Engineering at Michigan purchased a dual-hex (12 
cores) Dell node (Xeon) with 192 GB of memory. 

 No need to change existing parallel MC codes.
 Procrastination sometimes has its virtues.    
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How can we measure progress towards 
overcoming CPU and memory constraints?
 The Kord Smith Challenge
 Modified Kord Smith Challenge
 NEA benchmark
 Reported results
 Anticipated achievement of the Kord Smith Challenge

First, a little history …..
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The Kord Smith Challenge*

 At the 2003 ANS M&C conference, Kord Smith 
formulated a challenge for Monte Carlo reactor 
calculations
 Calculate the local power in 40 – 60 million tally 

regions
 The standard deviation on the local power should 

be 1% or less
 He estimated using Moore’s law that it would be 

2030 before this could be done in one hour on a 
single workstation

*borrowing heavily from Tom Sutton’s MC21 presentation
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The Modified Kord Smith Challenge

 At the 2007 ANS M&C conference, Bill Martin revisited 
the challenge
 The number of tallies was reduced by a factor of 10

 Multi-core processors were allowed
 Estimated that the calculation could be accomplished 

in 2019 using a 1500-core processor (a desktop 
“workstation”)
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Institutionalized as an NEA Benchmark

 At the 2009 M&C conference, Bill Martin and Eduard 
Hoogenboom proposed a large PWR benchmark 
model to aid in monitoring the progress being made 
towards practical large-scale Monte Carlo reactor 
calculations

 At the PHYSOR 2010 conference, Dan Kelly presented 
MC21 results for the (original) benchmark problem
 10 billion histories
 18 hours on 400 cores
 95% of the local powers had standard deviations 

less than 3%
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MC21 Results (PHYSOR 10)
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NEA Benchmark (2)
 At the 2010 SNA + MC conference, Jaakko Leppänen

presented Serpent results
 100 billion histories
 21 days on 7 CPUs
 90% of the local powers had std devs less than 2%

 Rumor has it that more MC21 results are to be reported 
this week and that the Kord Smith Challenge will have 
been met.

 If true, the Kord Smith Challenge may be achieved 7-18 
years earlier than predicted!! Stay tuned!!



34

Challenges for Full-Core Monte Carlo

 Sheer size of the problem to be solved: prohibitive 
computational time and memory demand

 Slow source convergence
 Apparent versus true variance
 Accommodating multiphysics coupling
 Adapting to future architectures – opportunity or 

challenge?
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Slow source convergence

 Power iteration very slow for high dominance ratio 
problems characteristic of large power reactors

 Shannon entropy can help diagnose convergence but 
cannot speed it up 

 Two hybrid (MC/deterministic) approaches are having 
success accelerating MC source convergence
 Acceleration of MC with low-order operator 

o Functional Monte Carlo (FMC)
o Coarse mesh finite difference (CMFD) acceleration  

 Acceleration of Monte Carlo with adjoint-based weight 
windows (FW-CADIS) 



Generalized Hybrid Monte Carlo-CMFD
Methods for Fission Source Convergence

Emily R. Wolters, Edward W. Larsen, William R. Martin
Department of Nuclear Engineering & Radiological Sciences
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REVIEW OF CMFD-ACCELERATED MC
CMFD-Accelerated Monte Carlo: proposed by M.J. Lee, K. Smith, H.G. Joo and D.J. Lee (2009) to 
accelerate Monte Carlo source convergence.  

We now briefly describe this method beginning with the 1D, 1G transport equation:
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Define angular flux moments:

1.  Apply                                   to transport equation to obtain balance equation:
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CMFD-ACCELERATED MC (CONT’D)

2.  Introduce a transport-corrected “Fick’s Law”:

3.  This expression defines the “correction factor” or “HCMFD nonlinear functional”:

4.  System of algebraic (HCMFD) equations for the scalar flux and eigenvalue:

The solution to the HCMFD equations converges MUCH more quickly than the MC solution!
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1. Apply                                                             to transport equation.  Integrate by parts to 

obtain the following balance equation:

2. Divide this equation by                                            to formulate an identity with a term 

resembling the current:

= identically zero when the exact transport solution is used to evaluate it.
(Not necessarily zero when Monte Carlo estimates of the transport solution are 
used to evaluate it.)
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GENERALIZED METHODS (CONT’D)
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3. Subtract               from the numerator of the HCMFD-I nonlinear functional:

Rationale:                 and                                       will cancel (to some degree) and 

reduce errors in the functional!

4. Consider three definitions of 

HCMFD-I                                  (HCMFD-I is simply CMFD-Accelerated Monte Carlo.)
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Again, the main idea:  HCMFD-x eigenfunction (x=I,II,or III) converges MUCH more 
quickly than the Monte Carlo eigenfunction.  Use it after each cycle to obtain a 
more accurate and stable MC fission source.
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Figure 1.  Effect of feedback 
on Monte Carlo fission source 
convergence.
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Observations
• Standard MC requires 200 

inactive cycles for convergence
• MC w/ feedback converges 

immediately and stays converged 
as long as feedback is applied

• Inactive cycles can almost be 
eliminated (cost savings)

• Methods II and III better than I

Legend:

MC = standard MC
MC-FB-x (Inactive only) = 

HCMFD-x feedback applied 
during inactive cycles only

MC-FB-x = HCMFD-x feedback 
applied during all cycles
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Similar results have been obtained for more 
realistic reactor configurations. For example, 
these results were presented by Lee et al. (SNU) 
at SNA+MC2010 in Tokyo. 



Improved Convergence with CMFD Acceleration

 Shannon Entropy & FSD

Cycle 3Cycle 10Cycle 11Cycle 12 Cycle 300

With CMFD Acc.Without CMFD Acc.
Fission Source Distribution
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A more traditional “hybrid” Monte Carlo 
method is the work of John Wagner to use 
deterministic transport to calculated weighting 
factors to bias the Monte Carlo run. This 
method is called FW-CADIS (forward-weighted 
consistent adjoint method).



46 Managed by UT‐Battelle
for the U.S. Department of Energy ANS Annual Meeting, June 27, 2011

5: construct weight windows

We extended the FW-CADIS method to 
reactor eigenvalue problems

1: construct DX model 2: solve DX eigenvalue equation 3: construct adjoint source

4: solve DX fixed‐source adjoint eqn



47 Managed by UT‐Battelle
for the U.S. Department of Energy ANS Annual Meeting, June 27, 2011

Summary of the FW-CADIS method

• The method weights the adjoint source with the inverse of the 
forward flux/response
– Where the forward flux/response is low, the adjoint importance will be 

high, and vise versa

• Once the importance function is determined, the CADIS 
equations for calculating weight targets
– Hence, we refer to the method as Forward‐Weighted CADIS

• The method requires:
– A forward solution (for adjoint source weighting)
– An adjoint solution (for determining biasing parameters)
– Both can be automated
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Challenges for Full-Core Monte Carlo

 Sheer size of the problem to be solved: prohibitive 
computational time and memory demand

 Slow source convergence
 Apparent versus true variance
 Accommodating multiphysics coupling
 Adapting to future architectures – opportunity or 

challenge?
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Apparent vs true variance

 Forrest Brown at MC2009 (Saratoga Springs) noted 
that the apparent variance could differ substantially 
from the true variance in a keff calculation. This factor 
could be substantial, on the order of 5-10.

 The next overhead is taken from the MC21 
presentation made at PHYSOR 10. The true variance is 
clearly larger than the apparent variance.
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MC21 Results (PHYSOR 10)

Figure 15. Comparison of Confidence Intervals between a Single Large Run
and Ten Independent Runs
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Apparent vs true variance for CMFD/FMC

 The next two overheads are taken from the FMC-
accelerated Monte Carlo method developed by Emily 
Wolters (PhD UM 2010, now at Argonne) and reported 
at M&C2011 (Rio). 
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Figure 4. Real and apparent errors
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Real error:
• With feedback, real error is 5 to 6 

times less than standard Monte 
Carlo real error for Methods II, III

• Real error 3 times less for 
Method I

• Applying HCMFD-II or –III feedback 
for this problem reduces active 
cycles by a factor of >25

Apparent error:
• “Apparent” error in MC 

underestimates “real” error
• With feedback, “apparent” error 

almost equal to the real error: 
excellent estimation of real error 
from a single calculation when 
feedback is applied

Thin solid lines: real error (over 
25 independent calculations)

Markers: apparent error (from 
single calculation)



5353

Figure 5. Ratio of real to apparent error when feedback is applied.
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The real error (over many independent simulations) is well-estimated by the apparent error in 
a single simulation (when feedback is applied).
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Apparent vs true variance for CMFD

 Min-Jae Lee, Han Gyu Joo, Deokjung Lee and Kord 
Smith (SNA + MC2010, Tokyo) reported that CMFD 
acceleration reduced the discrepancy between the 
apparent and true variances. The next two overheads 
are taken from their presentation. 
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An Example of Underestimation of Variance 
Standard Deviation of Pin Power
 From 25 independent MC simulation
 100,000 histories/cycle x 1,000 active cycles

Apparent Standard Deviation Real Standard Deviation

The main objective of this research is 
to reduce real standard deviation in MC simulation !

With CMFD
Acceleration
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Results – Pin Power Distribution
With CMFD accelerationWithout CMFD acceleration

Pin Power
Distribution

Real 
Standard 
Deviation
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Discrepancy reduced with CMFD 
acceleration

 The CMFD acceleration not only improved source 
convergence (i.e, reduced the number of inactive 
cycles) but also reduced the variance during the 
active cycles. 

 By renormalizing the MC source distribution with the 
low-order fission source distribution, CMFD 
acceleration was effectively “pinning” the fission 
source distribution to the low-order solution (which 
had limited local detail).
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Validity of estimate of the variance

 Dilemma – changing the fission source distribution 
during the active cycles makes the estimate of 
variance suspect because the samples are no longer 
independent identically distributed (IID) observations.

 One solution is to run multiple (e.g., 25) simulations 
and compute the variance from the results. This was 
done by Lee et al but may be inconvenient to 
implement.

 Another solution is reported by Tom Sutton is based 
on an old idea by Prael and Gelbard – accumulate 
statistics from a batch of cycles, say 100 cycles, 
noting that the serial correlations from  one 100 cycle 
batch to the next might be negligible.

 Need more theoretical analysis. 
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Challenges for Full-Core Monte Carlo

 Sheer size of the problem to be solved: prohibitive 
computational time and memory demand

 Slow source convergence
 Apparent versus true variance
 Accommodating multiphysics coupling
 Adapting to future architectures – opportunity or 

challenge?
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Issues associated with multiphysics 
coupling with Monte Carlo

 Histogram solutions with MC
 Temperature dependence of cross sections
 Disparate meshes
 Propagation of statistical error
 Moving away from operator splitting
 Effect of statistical error on convergence of the 

multiphysics feedback iterations       
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Potential approaches for multiphysics 

 Use continuous tallies instead of histograms
 Functional expansion tallies (D. Griesheimer)
 Kernel density estimator (K. Banerjee) 

 Use “On-the-fly” Doppler Broadening (G.Yesilyurt)
 Use delta tracking to allow collision processing with 

only 0K cross sections (Viitanen and Leppanen, 
PHYSOR12)

 Use kernel density estimators (K. Banerjee) for the MC 
solution (mesh-free estimation)

 JFNK coupling for multiphysics feedback
 Need more analysis and numerical experience to 

understand impact of statistical errors on convergence 
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On-the-Fly Doppler Broadening
(Gokhan Yesilyurt, UM and Argonne)

 Broadened cross sections are determined 
during the random walk in current region 
at temperature T. 

 Up to 17-termTaylor/asymptotic 
expansion for all T in the range 77K-3200K. 

 Regressed against the exact Doppler cross 
section (Cullen) to obtain the unknown 
coefficients as a function of T and neutron 
energy E.

 No cross sections are needed -- only the 
expansion coefficients for all T, isotopes, 
and energy grid points.

 Agrees with NJOY (within 0.1% for all T).
 Negligible computational cost (!!)
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Kernel Density Estimator
(Kaushik Banerjee, UM and Holtec Intl)

 X1, X2, ….., XN are N real 
observations from a density 
function f(x). f(x) can be formally 
estimated as

h

Kernel function
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 Conventional collision and track length 

estimators can be evaluated with KDE. 
These estimators are mesh-free.

 KDE yields continuous, functional estimates 
of the tallies and their variances (like FET).

 Continuous and mesh-free tallies might be 
useful for multiphysics coupling

 Aside: KDE can be used to estimate the 
surface flux estimator (F2) and the point 
detector estimator (F5) in a scattering 
region, with bounded variance and no bias.
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Challenges for Full-Core Monte Carlo

 Sheer size of the problem to be solved: prohibitive 
computational time and memory demand

 Slow source convergence
 Apparent versus true variance
 Accommodating multiphysics coupling
 Adapting to future architectures – opportunity or 

challenge?
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Adapting to new computer architectures
 To stay on the Moore’s Law performance curve, Monte Carlo 

codes must be adapted to run efficiently on new architectures. 
 To date, Monte Carlo scales well on all architectures:

 Random walks are inherently parallel within a fission source 
cycle or within a timestep. Parallelizing across particles is 
natural and allows efficient load balancing without a priori
knowledge of the solution.

o MCNP5 – history-based parallelization with MPI and OpenMP 
 For vector architectures, the history-based random walk 

algorithm can be turned inside out to yield an event-based (or 
its stack-driven variant) algorithm that results in excellent 
speedups on vector and parallel-vector architectures

o RACER – KAPL (event-based)
o MVP – JAERI (stack-driven) 
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What about multi-core processors?

 Dual quad core processors are in wide use today. The 
trend by the chip manufacturers is multi-N-core where N 
is increasing rapidly. 
 Dual hexa-cores are available (Apple, Dell, ….)
 Intel has developed a 80-core processor (Polaris)
 Xeon nodes available up to dual 10-cores

 Monte Carlo codes which use OpenMP, or “threaded” 
across histories, can take immediate advantage of multi-
core processors: MCNP5 is threaded and uses MPI. 

IBM (Wii U)
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What about GPU processors?
 GPU processors are essentially attached SIMD 

processors that function like vector processors.
 The IBM Roadrunner at LANL consists of conventional 

multi-core processors with attached cell (similar to GPU) 
processors.

 Monte Carlo may scale well on GPU processors but only 
if the code has already been “vectorized.” 

 Estimate: many tens (if not 100s!) of person-years to 
vectorize a conventional Monte Carlo code such as 
MCNP. By then there will be a new computer architecture! 

 If HPC architectures move exclusively down the GPU 
processor path (seems unlikely), this could be a limiting 
factor for using Monte Carlo for routine design/analysis of 
global reactor configurations. 
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Summary and Conclusions
Prospects for Full-Core Monte Carlo



69

Summary: prospects for full-core 
Monte Carlo

 Excessive memory demand – innovative 
decomposition schemes and the increasing capacity 
and decreasing cost of memory

 Prohibitive computational time – faster and cheaper 
multicore CPUs

 Slow source convergence – successfully applying 
CMFD and related low-order operators to accelerate 
source convergence AND pin down the fission source 
during the active cycles  
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Prospects (2)

 Apparent versus true variance – multiple realizations 
provide assurance that the estimated variance is OK 
but more analysis needed to avoid replication of runs 
for a reliable estimate of the variance.

 Accommodating multiphysics coupling – this area is 
just beginning to be explored. There are some ideas 
out there that need to be explored, including JFNK 
and KDE and OTF Doppler broadening.

 Adapting to future architectures – perhaps the most 
uncertain. The direction that computer architectures 
take is dependent on where the gaming industry and 
the transaction industry goes. Multicore is OK but 
GPUs would be problematical.  
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Any questions?
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Monte Carlo Timeline

• Historical Applications of MC for Reactor Analysis
– Neutron slowing-down / resonance capture integrals

– Calculation of keff

– Calculation of local reaction rates for static reactor 
conditions and fixed configuration (or small perturbations)

4/15/2012 Adv. MC for Reactor Physics Core Analysis 
Workshop – PHYSOR 2012
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conditions and fixed configuration (or small perturbations)

– Depletion calculations

– Incorporation of other non-linear feedback effects for 
quasi-static calculations

– Time-dependent (kinetics) calculations

– Time-dependent calculations including all non-linear 
feedback effects (FUTURE)
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Current Status of Monte Carlo
for Reactor Analysis

• 2D Power Distributions
– Common calculation, practical for most reactor designs

– Often used to “confirm” diffusion theory solutions

• 3D Power Distributions
– Practical for small reactor designs

4/15/2012 Adv. MC for Reactor Physics Core Analysis 
Workshop – PHYSOR 2012
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– Use on large cores limited by computational cost

• Depletion Calculations
– Same limitations as 3D power distributions

– Use is increasing as computing power allows

• Other Non-Linear Feedback Effects
– Active area of research; many prototype methods

– Studies typically consider only one feedback effect at a time




Non-Linear Feedback Effects

• Importance of incorporating feedback 
effects in quasi-static calculations:

– Increased accuracy: Local and global power 
distribution depend on feedback effects.distribution depend on feedback effects.

– Calculate new design products: power 
defect, temperature defect, other sensitivities.

– Ease of use: User does not have to guess at 
specific operating conditions, code will 
calculate conditions on the fly.

4/15/2012 Adv. MC for Reactor Physics Core Analysis 
Workshop – PHYSOR 2012
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
Non-Linear Feedback Effects

• We are NOT (yet) talking about full multiphysics
• (First) Goal of feedback treatments is to improve the accuracy of 

quasi-static transport calculations.

• Required accuracy of auxiliary feedback calculation depends on 
sensitivity of transport process to the parameter.

Important Feedback Effects for Quasi-Static Calculations

• Depletion
– Xenon Feedback

• Control Rod Motion
– Criticality search

4/15/2012 Adv. MC for Reactor Physics Core Analysis 
Workshop – PHYSOR 2012
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Important Feedback Effects for Quasi-Static Calculations

• Thermal Feedback
– Gamma Heating

– In-Line Doppler

• Mechanical Feedback
– Distortion 

(Thermal & Radiation Induced)




Deterministic Methods

• Deterministic methods (especially diffusion theory) 
have handled these non-linear feedback effects for 
many years
– Typically handled through operator splitting

• Transport solution• Transport solution

• Auxiliary feedback calculation

• Convergence determined by residual of flux solution between steps

– Unclear if there is a “best” update sequence for converging 
multiple feedback effects simultaneously

– Limited computer resources often forces a trade-off 
between fidelity and number of feedback effects

4/15/2012 Adv. MC for Reactor Physics Core Analysis 
Workshop – PHYSOR 2012
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
Monte Carlo Feedback

• To compete with deterministic tools for reactor analysis, MC 
codes must offer the same capabilities, including feedbacks

• Traditional (initial) MC approach to adding new capability:
– Ignore statistical uncertainty, implement an analog of the deterministic 

method and hope for the best! 

• Even so, handling feedback with MC is a difficult task
– No standardized approach to feedback even for deterministic methods 

– Statistical uncertainty complicates tests for convergence
• Often it is unclear what “converged” really means!

– Brute-force iterative methods may be too expensive
• MC solutions have a fixed cost (minimum number of histories to achieve 

reasonable answers); Deterministic methods can quickly reconverge from previous 
solution.

4/15/2012 Adv. MC for Reactor Physics Core Analysis 
Workshop – PHYSOR 2012
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
Monte Carlo Feedback

• Many approaches to MC feedback have been prototyped 
and tested, and research in this area has increased 
lately, but…

• More work is needed, especially in the areas of:
– Propagation of statistical error– Propagation of statistical error

– Convergence stability in the presence of statistical error

– Convergence criteria for MC feedback calculations

– Adaptive running strategies that minimize the number of neutron 
histories required for a given confidence interval on the final 
result

• A summary of some of our recent work on MC feedback 
follows… 

4/15/2012 Adv. MC for Reactor Physics Core Analysis 
Workshop – PHYSOR 2012
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
Feedback Sequence

• Presently the calculation 
sequence is user defined
– Simulations contain timesteps, 

which may include multiple in-
line feedback calculations

– User defines the number and 
sequence of each feedback 

T
im

e
st

e
p

<TIMESTEP> 1

timestep_length 100 hours

power_level 3300 MW

batches           1200

discard           200

histories         10000  

{EXECUTE} thermal eqXe

batches           550 sequence of each feedback 
calculation in the input

– Job parameters can be 
changed between iterations.

• Issues: 
– No convergence metrics

– User is responsible for defining 
the feedback sequence

4/15/2012 Adv. MC for Reactor Physics Core Analysis 
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T
im

e
st

e
p

batches           550

discard           50

source_type last

{EXECUTE} depletion

{EXECUTE} thermal

{EXECUTE} depletion

batches           1050

{EXECUTE} spatial userTallies

<TIMESTEP> 2

...




In-Line Depletion

• Depletion calculations are performed in-line using an 
integrated depletion solver

• Four time differencing schemes have been considered 
for solving the depletion equations

• Constant Power (Linear Rate)

– Initial constant flux depletion over 
• Constant Flux

• Constant Power (Cell2)

4/15/2012 Adv. MC for Reactor Physics Core Analysis 
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– Initial constant flux depletion over 
timestep

– Corrector depletions assume 
linear flux change over timestep

• Constant Power (Monteburns)

– Initial constant flux depletion over 
½ timestep.

– Redeplete using converged 
reaction rates at timestep midpoint

• Constant Power (Cell2)

– Initial constant flux depletion over 
timestep

– Redeplete using converged 
reaction rates at timestep end

– Report average number densities 
from the two depletions




In-Line Depletion

9
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• Depletion Issues
– Selecting a running strategy 

(differencing scheme, timestep
size, etc.)

– Propagation of error through 
years of core operation
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Eigenvalue Bias by Depletion Method– Calculating time integrated 
quantities (e.g. fluence) with a 
predictor-corrector method

– Computational expense
• Number of depletion regions

• Number of fission products and 
reaction types to explicitly include in 
depletion chains




In-Line Xenon Feedback

• Code converges to equilibrium Xe
distribution during discard batches

• Avoids the need for small timestep
depletion after power change

• In-line peak xenon calculation also 
available for shutdown calculations.

Eigenvalue Trend During Xenon Build-In 
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• Issues:
– Understanding convergence behavior

• Calculation affects convergence of fission 
source and Xe-135 distributions 

– Ensuring that depletion and xenon 
feedback modules can work together in 
a single calculation
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
In-Line Thermal Feedback

• Thermal feedback using a simple 
steady-state algorithm based on 
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steady-state algorithm based on 
energy conservation
– Users define heat sources and sinks 

in model, as well as flow paths 
between them

– Code tallies fission energy deposition 
by sources and updates

• Water properties (density) by sink region

• Fuel temperature by source region  
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Axial Temperature Rise
in PWR Assembly

Iteration
Temperature Defect (not shown) 0.0287 k/k
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
In-Line Thermal Feedback

• Issues
– Source/Sink 

homogenization

– Convergence strategy

– Model creation is labor 
intensive

– Requires multi-Average Fuel Temperature at Core Mid-plane

Calvert Cliffs Thermal Homogenization Study
• 2.2 million spatial regions
• 1.8 million thermal sources

B
R

 H
a
n
n
a
, 

“S
p
a
tia

l H
o
m

o
g
e
n
iz

a
tio

n
 U

se
d
 in

 T
h
e
rm

a
l H

yd
ra

u
lic

 F
e
e
d
b
a
ck

 M
e
th

o
d
 f

o
r 

M
o
n
te

5
9
6
, 

P
e
n
n
sy

lv
a
n
ia

 S
ta

te
 U

n
iv

e
rs

ity
 (

2
0
1
1
).

3
8
6
5
.

– Requires multi-
temperature cross 
sections for fuel heating

– Thermal conductivity of 
fuel/gap/clad changes 
with temperature and 
burnup
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Average Fuel Temperature at Core Mid-plane
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
In-Line Thermal Feedback

1.340

1.341

1.342

1.343

1.344

E
ig

e
n

v
a
lu

ie

• keff Convergence
– For Calvert Cliffs 

example, eigenvalue
converges after 5 
thermal feedback 
iterations (from 
isothermal initial 

Eigenvalue convergence by Feedback Iteration
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isothermal initial 
condition) 

– Spatial 
homogenization of 
thermal regions did 
not show a large 
change in calculated 
eigenvalue

BR Hanna, DF Gill, DP Griesheimer, “Spatial Homogenization of Thermal Feedback regions in Monte Carlo Reactor 
Calculations ,”  Proceedings of PHYSOR 2012, Knoxville, TN (2012)




In-Line Thermal Feedback

No Mixing Mixing
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• Effects of lateral 
coolant mixing 
– Explicitly modeled 

mixing of coolant 
between adjacent 
fuel pins
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fuel pins

– Assumed lateral 
mass flux rate was 
1% of axial mass 
flux rate 

– Small increase in 
reactivity due to 
mixing of unheated 
coolant in control 
rod guide tubes.

Coolant temperature (K) at top of core

Adv. MC for Reactor Physics Core Analysis 
Workshop – PHYSOR 2012




In-Line Thermal Feedback

• Fuel Heating
(Doppler Broadening)

• Nuclear library created to 
include material cross 
sections at different 
temperatures.

• Run-time statistical 
interpolation between 
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
In-Line Movable Geometry

• Combinatorial geometry allows 
objects to be easily rotated 
and translated in space
– Users select movement vectors 

for components during model 

Animation of Rotating Control Drums
in the Advanced Test Reactor (ATR)

4/15/2012 Adv. MC for Reactor Physics Core Analysis 
Workshop – PHYSOR 2012
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Model courtesy of CM Rodenbush.  Animation courtesy of BR Nease.

construction

– Ability to move components 
between any steps or iterations

• Issues:
– Difficult to check for geometry 

conflicts after move.

– Difficult/expensive to recalculate 
model volumes after move





Example Control Sequence

Component 2

Component 1
In-Line Movable Geometry

Example Problem Setup

• Component 1 – Rotation about 
central axis of parent cylinder. 

• Component 2 – Translation 
along z-axis.

P
e
rs

p
e
ct

iv
e
 V

ie
w

num_timesteps 4

<TIMESTEP>        1

{EXECUTE}      plot

<TIMESTEP>        2

move_group 2   current   10 cm

{EXECUTE}      plot

<TIMESTEP>        3

move_group 1   initial  120 degrees

{EXECUTE}      plot

<TIMESTEP>        4

move_group 1   initial  180 degrees

{EXECUTE}      plot

Example Control Sequence

Component 2

Component 1
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

Timestep 1 Timestep 2 Timestep 3 Timestep 4

Initial setup Translate group 2 
by 10 cm along its 

direction vector

Rotate group 1 by 
120 degrees 
around z-axis

Rotate group 1 by 
180 degrees 
around z-axis

In-Line Movable Geometry

4/15/2012 20Adv. MC for Reactor Physics Core Analysis 
Workshop – PHYSOR 2012




In-Line keff Search Capability

• Search algorithm automatically 
moves selected components to 
achieve a target eigenvalue
– Adaptive batching algorithm (ABA) 

attempts to minimize run time
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Rod Worth Curve for GE-9 Bundle Model

• Issues:
– Incorporating statistical uncertainty 

when determining convergence

– Development of fair adaptive-
history termination strategies

– Long run times

4/15/2012 Adv. MC for Reactor Physics Core Analysis 
Workshop – PHYSOR 2012

21

R
E

 M
o
rro

w
, T

H
 T

ru
m

b
u
ll, T

J D
o
n
o
va

n
, T

M
 S

u
tto

n
, “A

 k
e
ff S

e
a
rch

 C
a
p
a
b
ility in

 M
C

2
1
,” 

P
ro

ce
e
d
in

g
s o

f M
&

C
 2

0
0
7
, M

o
n
te

re
y, C

A
, A

p
ril 1

5
-1

9
, 2

0
0
7
 (C

D
-R

O
M

).

GE-9 Control Rod Search History




In-Line keff Search Capability

 


<TIMESTEP> 1

movable_search 1 fully_inserted 0.0 50.0

Default Search Procedure

Example: Single Component Search
• Withdraw single rod until criticality

movable_search 1 fully_inserted 0.0 50.0

{EXECUTE}       movable_search

<TIMESTEP> 1

movable_search 1 fully_inserted 0 50.0 9.25 0.038

{EXECUTE}       movable_search

With User Guess for Critical 
Position and Rod Worth
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
In-Line keff Search Capability

-------------------------------------------------------------------------------------------------

Step 1, Iteration 1

It      k-eff pcm CI              Loc      Histories     group ID  Ref Config

1  0.5135646  -48644  4.839E-04      0.00000E+00        5500000            1   fully_inserted

2  1.4389616   43896  6.809E-04      5.00000E+01        5500000            1   fully_inserted

3  1.1834915   18349  8.227E-04      2.62825E+01        5500000            1   fully_inserted

4  0.6244105  -37559  5.968E-04      9.24744E+00        5500000            1   fully_inserted

5  1.0469380    4694  8.919E-04      2.06916E+01        5500000            1   fully_inserted

6  1.0110453    1105  7.060E-04      1.94203E+01        5500000            1   fully_inserted

7  0.9986132    -139  6.947E-04      1.90290E+01        5500000            1   fully_inserted

Target Eigenvalue:                  1.0000 +/- 0.0050

Converged Eigenvalue:               0.9986 +/- 0.0007Converged Eigenvalue:               0.9986 +/- 0.0007

Total Histories:                    38500000

Total Time:                           3.9390     mins

-------------------------------------------------------------------------------------------------

-------------------------------------------------------------------------------------------------

Step 1, Iteration 1

It      k-eff pcm CI              Loc      Histories     group ID  Ref Config

1  0.6253822  -37462  5.732E-04      9.24744E+00        5500000            1   fully_inserted

2  0.9993021     -70  8.077E-04      1.90398E+01        5500000            1   fully_inserted

Target Eigenvalue:                  1.0000 +/- 0.0050

Converged Eigenvalue:               0.9993 +/- 0.0008

Total Histories:                    11000000

Total Time:                           1.0666     mins

-------------------------------------------------------------------------------------------------

Default search procedure

With initial guess and worth
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
In-Line keff Search Capability




100

Example: Search Sequence

• Search sequences allow 
code to move components 
in a predetermined order 
until target eigenvalue is 
reached.

• Withdraw individual rods 
until criticality
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



<SEQUENCE> 1

move_group all initial

movable_search 1 all_rods_in 0.0 100.0

movable_search 2 all_rods_in 0.0 100.0

movable_search 3 all_rods_in 0.0 100.0

movable_search 4 all_rods_in 0.0 100.0

movable_search 5 all_rods_in 0.0 100.0

movable_search 6 all_rods_in 0.0 100.0

movable_search 7 all_rods_in 0.0 100.0

movable_search 8 all_rods_in 0.0 100.0

movable_search 9 all_rods_in 0.0 100.0
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
In-Line keff Search Capability

Timestep 1

It   Step      k-eff pcm CI              Loc      Histories     group ID

1      2  0.4393438  -56066  4.738E-04      0.00000E+00        7500000            1

2      2  0.5295183  -47048  4.981E-04      1.00000E+02        7500000            1

3      3  0.5293375  -47066  5.087E-04      0.00000E+00        7500000            2

4      3  0.6258336  -37417  5.758E-04      1.00000E+02        7500000            2

5      4  0.6270896  -37291  5.914E-04      0.00000E+00        7500000            3

6      4  0.7277876  -27221  5.907E-04      1.00000E+02        7500000            3

7      5  0.7281835  -27182  6.465E-04      0.00000E+00        7500000            4

8      5  0.8121144  -18789  6.761E-04      1.00000E+02        7500000            4

Search Group IDSearch Iterations

8      5  0.8121144  -18789  6.761E-04      1.00000E+02        7500000            4

9      6  0.8124487  -18755  7.333E-04      0.00000E+00        7500000            5

10      6  0.8991067  -10089  6.540E-04      1.00000E+02        7500000            5

11      7  0.8994640  -10054  6.357E-04      0.00000E+00        7500000            6

12      7  0.9885627   -1144  6.587E-04      1.00000E+02        7500000            6

13      8  0.9886200   -1138  5.911E-04      0.00000E+00        7500000            7

14      8  1.0661995    6620  6.888E-04      1.00000E+02        7500000            7

15      8  0.9898617   -1014  6.899E-04      1.46689E+01        7500000            7

16      8  0.9984339    -157  5.948E-04      2.60016E+01        7500000            7

17      8  1.0001676      17  7.269E-04      2.80720E+01        7500000            7

Target Eigenvalue:                  1.0000 +/- 0.0010

Converged Eigenvalue:               1.0002 +/- 0.0007

Total Histories:                    127500000

Total Time:                           26.113     mins

Convergence Information
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
In-Line Photon Heating Calculation

MC
k-eff
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tio

n

photon source

• Each photon heating calculation 
includes 2 transport simulations

• MC Neutron transport simulation
– Samples fission and capture photons 

created during neutron transport and 
saves source information to a photon 
source data file

Previous
Feedback
Iteration
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MC
fixed src
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g photon source

data

Neutron calc.

Photon calc.

source data file

• MC Photon transport simulation
– Photon source sites are read in from 

the photon source data file

– MC code computes and saves

• Global photon energy leakage

• Photon energy deposited in every cell

– All photon results are normalized to a 

per starting eV basis.

Next
Feedback
Iteration
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
ATR Heating Model

• 2D Slice of ATR Quarter 
Core (NE Quadrant) 
– z = 85.0 – 90.0 cm

– 5,100 batches (100 discard)

– 10,000 histories/batch

4/15/2012 27

Model and illustration courtesy of C.M. Rodenbush

– 10,000 histories/batch

– 50 million histories total

– keff = 0.8367 ± 0.0002

– In-line coupled 
neutron/photon heating

Blue = Water; Red = Hafnium; Green = Aluminum; Yellow = Beryllium
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
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
ATR Heating Model

Neutron Slowing Down Heating
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
ATR Heating Model

Photon Energy Release
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
ATR Heating Model

Photon Energy Deposition
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
ATR Photon Redistribution

Emission Deposition 1.0
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
Conclusions

• In order to achieve full potential as a tool for reactor design and 
analysis, MC methods must match the capabilities of existing 
deterministic design tools

• In addition to overcoming the traditional challenges of computational 
speed and management of statistical uncertainty, MC methods must speed and management of statistical uncertainty, MC methods must 
incorporate in-line support for important feedback effects

• Many in-line feedback methods have been prototyped, typically for 
one effect at a time.  However additional research and development 
is still needed, especially on feedback sequences, the propagation 
of error, convergence criteria, and convergence in the presence of 
statistical uncertainty is still needed.
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