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Learning goals

• Understand Multigroup TSUNAMI-3D

• Understand Continuous Energy TSUNAMI-3D

• Understand and complete workshop examples using 
Multigroup and Continuous Energy TSUNAMI-3D



Multigroup TSUNAMI-3D
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Objectives

• Survey adjoint-based sensitivity theory for multigroup
Monte Carlo eigenvalue sensitivity calculations

• Examine primary multigroup TSUNAMI-3D options
• Examine advanced options
• Discuss adjoint Monte Carlo eigenvalue calculations
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Introduction

• TSUNAMI-3D: SCALE sequences that computes the keff
sensitivities to nuclear data

• Input is largely the same as CSAS input
• The TSUNAMI-3D-K5 sequence uses KENO V.a for the  

transport solution, whereas TSUNAMI-3D-K6 uses 
KENO-VI

• Can assess uncertainty in keff due to nuclear 
covariance data
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Monte Carlo techniques

• 3D Monte Carlo analysis is frequently 
used for accurate modeling of 
complex systems

• KENO is a widely used Monte Carlo 
code for criticality safety analysis that:
– Operates within SCALE
– Performs forward and adjoint calculations
– Tallies angular flux moments
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What are angular flux moments?

• Mathematical expression for 
the directional dependence of 
the flux 
– Which way is the flux going?

• Varies as a function of position
– Where is the flux?
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Flux moments

• Mathematically expressed as 
integral over all angles of 
angular flux with spherical 
harmonics

• In other words, allows 
reconstruction of angular flux

• Computed for each energy and 
position

• Having more moments improves 
accuracy but requires more 
memory
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Array flux tallies in KENO

• KENO tallies flux by region
1. Pellet
2. Gap
3. Clad
4. Moderator

• Values are averaged across all instances of a 
UNIT in a problem: average flux over array or for 
all instances of a UNIT used as a HOLE

4 flux regions
fuel, gap, clad, mod.

6×6 Array of 4-region cell
for 144 regions
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Sensitivity calculation
• Forward and adjoint flux moments are accumulated, 

multiplied, and summed over a region

• Region sensitivities are computed based on these fluxes

• Nuclide/mixture sensitivities are calculated by summing 
sensitivities over all regions in which the nuclide occurs in each 
mixture

• Total nuclide sensitivities are calculated by summing over all 
instances of a nuclide

• Total mixture sensitivities are calculated by summing all nuclides 
in each mixture

• Sensitivity coefficient generation is performed in SAMS
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Spatial mesh for flux moment collection

• Use mesh to refine flux solution

• Automated spatial mesh option generates a uniform mesh over 
entire model

• Alternatively, the user can define the mesh

• Monte Carlo tracking is the same with or without the mesh, but 
flux solutions are refined within the mesh
– Tallying generally does not impact distance to collision, reaction 

selection, or related physics
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Array flux tallies in KENO with mesh

• Mesh accumulator modifies KENO behavior to 
tally flux by region in each voxel

• Still averaging in multiple instances of the 
same UNIT, but only within a voxel

• Provides significant spatial resolution without 
necessitating geometry changes
– Same array with a single unit 
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Sensitivity calculation with mesh

• Same process, but flux solutions are refined and better capture 
gradients

• SAMS output is the same

• Longer KENO calculations
– More memory – can limit problem size and complexity

• Longer processing time in SAMS

• More accurate sensitivity calculations
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Automated mesh
• Volumes of each region within each mesh interval must be 

computed

• Forward and adjoint fluxes are accumulated over same mesh, 
then multiplied before summing over a region

• Can be used with or without coordinate transform

• Sensitivities are computed for each user-input region, not over 
the mesh

• mfx=yes msh=##  length of side of cube

• mfx=## can be used for inputs containing gridGeometry 
specification
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Example: PU-SOL-THERM-014

• Plutonium solution cans (~30 cm) 

• Large room (~15 m)

• Desire 3 cm mesh for fissile solution

• Uniform mesh would create 
~80,000,000 mesh intervals and 
require ~300 GB of RAM



1616 SCALE 6.3.1| Last Updated: February 2024                           16

• Mesh refined across fissile solution
• Requires ~140,000 mesh intervals
• ~500 MB of RAM

User-defined variable mesh
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List all planes explicitly Uniform plane generation
read gridgeometry 1
  xplanes
   -750 -700 -650 -600 -550 -500 -450 -400 -350 -331 -325 -322 -319 
   -316 -313 -311 -310 -307 -304 -301 -298 -295 -292 -291 -271 -261 
   -241 -221 -201 -180 -175 -172 -169 -166 -163 -160 -160 -157 -154 
   -151 -148 -145 -142 -139 -100 -50 0 50 100 150 200 250 300 350 
   400 450 500 550 600 650 700 750
  end

  yplanes
   -585 -550 -500 -450 -400 -350 -300 -250 -200 -150 -116 -110 -107 
   -104 -101 -98 -96 -95 -92 -89 -86 -83 -80 -77 -76 -56 -36 -16 4 
   24 40 43 44 46 49 52 55 58 61 64 64 67 70 84 100 150 200 250 300 
   350 400 450 500 550 585
  end

  zplanes
   -540 -500 -450 -406 -386 -366 -346 -345 -342 -339 -336 -333 -330 
   -327 -326 -324 -321 -319 -316 -313 -310 -307 -306 -304 -300 -286 
   -250 -200 -150 -100 -50 0 50 100 150 200 250 300 350 400 450 500 
   550 570
  end

end gridgeometry

read gridgeometry 1
  xlinear 30 -750 750 
  xlinear 15 -331 -291 
  xlinear 15 -179 -139 
  ylinear 24 -585 585 
  ylinear 15 -116 -76 
  ylinear 15 44 84 
  zlinear 22 -540 570 
end gridgeometry

SCALE user-defined meshes: Two input options
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SCALE flexible mesh – Explicit planes

• READ GRID MESH GRID DATA END GRID

• XPLANES= xplanes the cell boundaries in the x direction 
followed by end

• YPLANES= yplanes the cell boundaries in the y direction 
followed by end 

• ZPLANES= zplanes the cell boundaries in the z direction 
followed by end 
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SCALE flexible mesh – Interpolated planes

• XLINEAR intervals xmin xmax

• YLINEAR intervals ymin ymax

• ZLINEAR intervals zmin zmax

NOTE:  The user must set the range in each direction so that the actual 
geometry is totally covered by the mesh for MG TSUNAMI. This is not a 
requirement in CSAS/KENO MG or CE TSUNAMI.
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Mesh volume 

• The volume of each region within each mesh interval must be 
known to compute sensitivity coefficients in MG TSUNAMI

• The sequence computes the volume through a stochastic 
sampling process

• SCALE 6.3.1 defaults:
– 5000 points if volume < 13,600 cm3

– For larger volumes:

• These defaults can lead to a long calculation time at the 
beginning of the calculation in “tsunami-3d-k5” or         
“tsunami-3d-k6”

  
points= volume

ln volume 5000( )
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Volume Block – Review
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Monte Carlo Volume Calculation
• The Volume Block is used to control volume calculations in the 

CSAS6 (and TSUNAMI-3D) sequences

• Options described in Section 8.1.3.13 of the SCALE manual

• Simplest approach:
– Set type=random (Not supported in Shift)
– Define cuboid over volume region to calculate volumes

• (XP, YP, ZP) and (XM, YM, ZM) are corners
– Set batches and number of points per batch (like for GEN and NPG)

• No NSK analog as there is no source convergence
• Can also specify sample_den to ensure density of points per batch instead

– Volume and uncertainty for each region are printed in output

https://scale-manual.ornl.gov/Keno.html
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Monte Carlo Volume Calculation: Example

read volume
 type=random points=1000000  batches=10000
 xp=60.10 xm=-60.10 yp=60.10 ym=-60.10 zp=115.640 zm=-16.20
end volume
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Other Volume Block Options

• Other volume input options include:
– Manually inputting vol= on media records.

• Specify total volume if unit is used multiple times.
• Take care to account for parts of the volume that are clipped by other regions.

– Using Fulcrum to calculate volumes.
• Calculated using SCALE ray tracing algorithm.
• Executed using Run → Calculate Volumes.
• User can then specify number of rays to trace in X, Y, and Z dimensions.
• Volumes are then listed by Fulcrum in “Messages”.

– Shift can calculate volumes using type=trace
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Volume input examples

• Input sampling directly

read volume

 type=random

 batches=4000

 points=25000

end volume

• Input sampling density:

read volume
 sample_den=0.1
 batches=4000
end volume 

With SCALE 6.3.1 defaults, PU-SOL-THERM-014 mesh volumes are computed with 
~150,000,000 points for 1000 batches
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Multigroup TSUNAMI-3D analysis sequence
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TSUNAMI-3D input
=tsunami-3d-k5
U(2)F4 H/X=294  rafferty and mihalczo u(2)f4-2 unreflected (case 14)
v7.1-252
read comp
u-235  1 0 1.3303e-4 end
u-238  1 0 6.4370e-3 end
h      1 0 3.9097e-2 end
c      1 0 1.8797e-2 end
f      1 0 2.6280e-2 end
end comp
read cell
infhommedium 1 end
end cell
read param npg=500 gen=200 apg=2000 tfm=no end param
read geom
global unit 1
cuboid 1 1 4p28.110 2p61.235   
end geom
end data
read sams
prtgeom prtimp nocovar
end sams
end

Composition 
and Cell Data

KENO V.a Data

Optional
SAMS Data
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TSUNAMI-3D input parameters

Parameter Allowed Values Default Value Definition

*htm= *no yes *must be included and set to no if using mfx= for MG only

nqd= 0,2,4,6,8,10,12,14,16 0 order of angular quadrature

pnm= Non-negative integers 3 order of flux moment computed in KENO V.a

tfm= yes/no yes compute angular fluxes and/or flux moments in transformed 
coordinate system

apg= integer npg×3 number of neutrons per generation for adjoint calculation

abk= integer apg×2 number of neutron bank positions for the adjoint case

agn= integer gen number of generations for the adjoint case

asg= number 0 convergence criteria for keff to stop adjoint calculation

pmf= yes/no no print more fluxes.  prints angular flux and/or flux moment edits

mfx= yes/no no compute mesh fluxes on mesh defined by msh

msh= number 0 size of mesh used for mesh flux calculations

pms= yes/no no print mesh fluxes

KENO V.a Parameter Data for TSUNAMI-3D
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TSUNAMI-3D input parameters (cont.)

Keyword Default Value Description

coverx=
44groupv6rec (6.0)
44groupv5rec (5.1)
44groupv5cov (5.0)

Name of covariance data file

pn= 3 Legendre order for moment calculations

prtimp F Prints explicit sensitivities coefficients, implicit sensitivity coefficients and complete sensitivity coefficients.

prtflx F Print angular fluxes and flux moments (long edits)
prtvols F Flag to cause the volumes of the KENO V.a regions to be printed by SAMS

prtgeom F Flag to cause the sensitivities to be output for each KENO V.a geometry region
nomix F Flag to cause the sensitivities by mixture to be turned off

useang T Flag to cause the angular flux calculated in KENO V.a to be used to calculate flux moments for sensitivity 
calculations

usemom F Flag to cause the flux moments calculated with KENO V.a to be used to in sensitivity coefficient generation.  
This should only be used if a value for PNM is entered in the KENO V.a parameter input.

binsen F Produces SENPRO formatted binary sensitivity data file on unit 40

Optional SAMS Data for TSUNAMI-3D
Keyword Default Value Description

prtgeom F Flag to cause the sensitivities to be output for each 
geometry region

Prtimp T Prints explicit sensitivities coefficients, implicit sensitivity 
coefficients and complete sensitivity coefficients.

nohtml F Prevents generation of HTML output

largeimp= 100.0 Filter implicit sensitivities with value greater than largeimp

coverx= 56groupcov7.1 Name of covariance data file

pn= 3 Legendre order for moment calculations

prtflx F Print angular fluxes and flux moments (long edits)

prtvols F Flag to cause the volumes of the regions to be printed by 
SAMS

nomix F Flag to cause the sensitivities by mixture to be turned off

unconstrainedchi F Flag to generate pre-SCALE 6 unconstrained chi 
sensitivities
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Example problem

• Homogeneous system

• LEU-COMP-THERM-033 from ICSBEP Handbook
– case 45

• H/X=972
• 81.45 cm × 86.70 cm
 × 88.22 cm
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LEU-COMP-THERM-033-045
=CSAS5
LEU-COMP-THERM-033-045
v7.1-252
read comp
'  U(2)F4-6
  h-poly      6  0   6.0586E-02     300.0 END
  f           6  0   1.2302E-02     300.0 END
  c           6  0   2.9128E-02     300.0 END
  u-235       6  0   6.2282E-05     300.0 END
  u-238       6  0   3.0126E-03     300.0 END
  u-234       6  0   6.2548E-07     300.0 END
end comp
read parameter end parameter
read geometry
global unit 1                                                                    
  cuboid 6 1    40.725  -40.725   43.350  -43.350   44.110  -44.110               
end geometry                                                                      
end data                                                                   
end
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Reference sensitivity coefficients
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Sensitivity coefficient comparison

• Let’s use an automated mesh to improve the spatially 
dependent flux solution

y
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=tsunami-3d-k5
leu-comp-therm-033-045
v7.1-252
read composition
 h-poly      6 0 0.060586 300   end
 f           6 0 0.012302 300   end
 c           6 0 0.029128 300   end
 u-235       6 0 6.2282e-05 300   end
 u-238       6 0 0.0030126 300   end
 u-234       6 0 6.2548e-07 300   end
end composition
read parameter
 htm=no
 pnm=1
 tfm=no
 mfx=yes
 msh=15
end parameter
read geometry
global unit 1
 cuboid 6 1   40.725  -40.725    43.35   -43.35    44.11   -44.11
end geometry
end data
read sams
  makeimp
  prtimp
  usemom
end sams
end

LEU-COMP-THERM-033-45: Enhanced input
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Text output
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Check keff results

Forward Calculation Adjoint Calculation
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Check sensitivity results

D.P. Value ~0.4

D.P. Value ~ -0.1
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Energy-dependent sensitivities: 235U and 238U 
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Energy-dependent sensitivities: 1H 

Need more histories
to reduce uncertainty
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Solving the adjoint transport equation with MG Monte 
Carlo 

• Adjoint solution is much more difficult with multigroup Monte 
Carlo than forward solution
– Energy distributions from c and fission cross sections are interchanged
– Scattering matrix is inverted

• Neutrons are born per distribution of σf and must scatter to c



4343 SCALE 6.3.1| Last Updated: February 2024                           43

Forward calculation for fast system
Neutrons

born
here

Neutrons
fission here



4444 SCALE 6.3.1| Last Updated: February 2024                           44

Adjoint calculation for fast system

Neutrons
born
here

Neutrons
fission here
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Adjoint solution strategies 

• Increase the number of particles per generation for adjoint 
solution (apg=) for intermediate and fast spectra systems
– Default apg= 3 x NPG

• KENO will stop running due to lack of fission source in the system

• Check keff results to ensure that forward and adjoint solutions 
agree (Δk < 0.01)

• Lady Godiva problem:  minimum apg=15000 to allow system to run
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Multigroup TSUNAMI-3D recipe
• Start with CSAS5/CSAS6 model
• Change sequence to TSUNAMI-3D-K5/K6
• Consider special circumstances in resonance self-shielding for 

TSUNAMI analysis, especially for non-fuel materials
• Add TSUNAMI parameters to the Parameter block (apg, agn, 

asg, ask, mfx, msh)
– Define flux mesh with Grid block if not using a uniform mesh (MSH=)
– With mesh flux on, set tfm=no to disable the coordinate transform

• Execute TSUNAMI-3D
• Test with direct perturbations
• Examine results with Fulcrum



Appendix

• Equations and details for the interested 
attendee 
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where  
 
f = neutron flux; 

 

f† = adjoint neutron flux 
k = keff, the largest of the eigenvalues 
A = operator that represents all of the transport equation except for the fission term 
B = operator that represents the fission term of the transport equation 
S = problem-dependent resonance self-shield macroscopic cross sections 




x  = phase space vector; and  

 

 indicate integration over space, direction and energy variables. 

Perturbation theory

Recall that sensitivity coefficients are computed from the product of forward and adjoint flux 
and its angular moments
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Spatial refinement of flux solutions

• Perturbation theory requires the product of the forward and 
adjoint flux moment solutions

• This is a sum-of-the-products quantity

Sum of products (correct)

Product of sums (incorrect)
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Calculation of flux moments

• Deterministic codes calculate flux moments from the angular 
flux over a fine mesh as

φg,z
j = wnRn

jφg,z
n

n=1

N

∑
w = angular weight; R = spherical harmonics; n = direction; 

j = moment index (order); z = region; g = energy group
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Flux moments in Monte Carlo

• Scalar fluxes are computed in Monte Carlo codes from a track 
length estimator

• KENO V.a track-length estimator for angular flux moments:

φg,z
j =

Rk
jwtk,zlk,z

k=1

K

∑
Vz wtk,0

k=1

K

∑

fg, z =
wtk ,zlk, z

k=1

K

å

Vz wtk ,0
k=1

K

å

l = track length of neutron
wt = neutron weight
k = neutron number
V = volume
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Flux moments in outer ~1 cm of ~80 cm 
moderated UF4 critical cube

Real-valued Spherical Harmonics Functions 
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Adjoint flux in outer region
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Forward Scalar flux
by region

Adjoint scalar flux
by region



Continuous-energy 
TSUNAMI-3D
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Objectives

• Survey adjoint-based sensitivity theory for continuous-
energy (CE) Monte Carlo eigenvalue sensitivity 
calculations

• Understand differences between MG and CE TSUNAMI 
methods

• Examine CE TSUNAMI-3D input options
• Perform example calculation
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Some differences between MG and CE TSUNAMI-3D calculations:

Spatial 
Flux Mesh

The image part with relationship ID rId4 was not 
found in the file.

Flux 
Moments

  
points= volume

ln volume 5000( )

Separate Adjoint 
Transport Solution

Volume 
Calculations Expert 

Judgment

Cross Section 
Self-Shielding
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Why use CE?

• CE TSUNAMI-3D uses Monte Carlo to calculate sensitivity 
coefficients and does not require:
– Flux moment calculations
– Volume calculations
– Problem-dependent cross section self-shielding or implicit sensitivity effects
– Adjoint transport simulation
– One method does not require a spatial mesh

• CE TSUNAMI-3D can avoid the large memory footprints that can 
be required by MG TSUNAMI-3D

• Use of CE physics more accurately models the physics of neutron 
interactions



5959 SCALE 6.3.1| Last Updated: February 2024                           59

Why NOT use CE?

• Simulation runtimes are usually longer for CE TSUNAMI-
3D than those for MG TSUNAMI-3D
– MG TSUNAMI-3D is generally more efficient (high figure of 

merit) than CE TSUNAMI-3D for thermal systems

• In many applications, multigroup TSUNAMI-3D 
calculations already provide sufficient accuracy

• CE calculations may still require a spatial mesh, large 
computational memory, and/or expert judgment
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CE TSUNAMI-3D sensitivity methods

Eigenvalue Sensitivity Calculations
• CLUTCH Method   (cet=1)

– Contributon-Linked eigenvalue sensitivity/Uncertainty estimation via 
Tracklength importance CHaracterization  
• Available only with KENO V.a and KENO-VI

• IFP Method    (cet=2)
– Iterated Fission Probability

• Available with KENO V.a, KENO-VI, and Shift
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Iterated fission probability method

• In practice, the IFP method can 
require storing reaction rate tallies for 
a significant number of generations

• In CE TSUNAMI-3D, the IFP method is 
used by setting: cet=2

• The number of “latent generations” is 
set using the cfp=# parameter

• The iterated fission probability (IFP) method calculates adjoint-weighted 
tallies using the notion that the importance of an event is proportional 
to the population of neutrons present in the system during some future 
generation

Illustration of the IFP process. Image 
courtesy of Brian Kiedrowski.
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How many latent generations do we need?

• IFP calculations should use somewhere between 2 and 20 latent 
generations to obtain accurate sensitivities
– In practice, most simulations require between 5 and 10 latent generations

• Memory footprint of SCALE IFP calculations increases with the number of 
latent generations

– Users should use enough latent generations to obtain accurate 
sensitivity coefficients — but also as few as possible to minimize the 
simulation’s memory footprint

• Shift’s IFP implementation is realized with MPI support, and the memory footprint is 
spread across a node

– Confirm results with direct perturbations!
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Let’s try CE TSUNAMI-3D

• Open the file:
workshops → class_demo → godiva_example.inp

• Add the CE TSUNAMI-3D parameters:
Ø  cet=2 (Enables the IFP method)
Ø  cfp=5 (Sets the number of latent generations to 5)



6464 SCALE 6.3.1| Last Updated: February 2024                           64

Let’s try CE TSUNAMI-3D
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Let’s try CE TSUNAMI-3D
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Let’s try CE TSUNAMI-3D

•Run your input and then open the SDF
– Right click on input in navigation panel in Fulcrum → open associated files → 

godiva_example_IFP.sdf

•Examine sensitivity coefficients:
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IFP method memory requirements

• IFP frequently results in accurate sensitivity coefficients but requires 
large memory footprints and long runtimes

• A model of a typical pressurized water reactor spent nuclear fuel 
storage configuration with depleted isotopics might require as 
much as 706 GB of memory with CFP=5

• IFP-Shift helps to reduce this requirement by taking advantage of 
its parallel computing capability
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CE TSUNAMI-3D sensitivity methods

Eigenvalue Sensitivity Calculations
• CLUTCH Method   (cet=1)
• IFP Method    (cet=2)

• IFP-Shift Method   (cet=2)
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CLUTCH/Contributon methodology
• The CLUTCH method calculates the importance of collisions by 

tallying how many fission neutrons are created by a particle after it 
leaves the collision:

where:
G(𝜏! → r) = The number of fission neutrons created at r by the neutron originating in the phase space 𝜏!.
F*(r) = The average importance of fission neutrons born at r, or:

Neutron 
importance

Adjoint flux

𝜙∗ 𝜏" = $
#

𝐺 𝜏" → 𝑟 𝐹∗ 𝑟 𝑑𝑟,

𝐹∗ 𝑟 = $
$

$
%

𝜒 𝑟, 𝐸
4𝜋

𝜙∗ 𝑟, 𝐸, Ω 𝑑Ω𝐸.
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CLUTCH memory requirements

• The CLUTCH method requires storage of reaction rate 
tallies for every collision a particle sees from birth until 
death

• Unlike IFP, this information is freed after a particle dies 
and is not carried for multiple generations
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CLUTCH vs. IFP

• The CLUTCH method is more efficient than IFP (both in terms of 
speed and memory usage)

• CLUTCH downside: F*(r) must be computed

Sensitivity Method Memory Usage

Model IFP CLUTCH
Memory 

Reduction 
Factor

Fuel Pin 2,113 MB 1.06 MB 1,990

Godiva 26 MB 0.12 MB 220

HMF-025-005 1,675 MB 0.16 MB 10,470

LCT-010-014 19,509 MB 25 MB 780

NAC-UMS 21,201 MB 3,416 MB 6.2

1.0E+00

1.0E+01

1.0E+02

1.0E+03

1.0E+04

1.0E+05

1.0E+06

1.0E+07

H-1 O-16 U-235 U-238 Pu-239
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it 
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Nuclide Sensitivity

IFP

CLUTCH
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The F*(r) function

• The CLUTCH method uses an importance 
weighting function, F*(r), to compute multi-
generational sensitivity effects

• The F*(r) function describes the average 
response importance generated by fission 
neutrons born at location r

• The F*(r) function can be calculated using the 
IFP method during inactive generations with 
no significant loss of accuracy and with 
significant memory savings
– This requires a significant increase in the number of 

inactive generations: up to hundreds or more
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Best practices for F*(r) mesh generation

• Experience has shown that an F*(r) mesh with 1–2 cm intervals 
often yields accurate sensitivity coefficients
– Much larger meshes have been used successfully in some applications

• The F*(r) mesh must cover all regions in a problem containing 
fissionable material

• The F*(r) function is tallied during skipped generations, so NSK 
must be adjusted to allow for F*(r) convergence
Ø In general, simulating between 1 and 100 inactive particle histories per 

F*(r) mesh interval will produce an accurate F*(r) tally
Ø Lady Godiva with a 1 cm cubic mesh has 5,832 intervals (18×18×18)

Ø 5,832 mesh intervals × 100 histories per interval / 1,000 particles per gen. = ~580 
skipped generations
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Uncertainty in F*(r) function

• Distribution of uncertainties in F*(r) function is provided

• No reliable correlation has been established between the 
uncertainty distribution and the accuracy of CLUTCH-
calculated sensitivity coefficients

• It may be essentially impossible to generate an accurate F*(r) 
function for a fissionable reflector

F*(r) Convergence Statistics:
     WARNING: Of the     1170 F*(r) mesh intervals that scored tallies...
         40.51% of the F*(r) tallies contain more than 5% uncertainty;
         26.50% of the F*(r) tallies contain more than 10% uncertainty;
         13.33% of the F*(r) tallies contain more than 20% uncertainty; and
          3.08% of the F*(r) tallies contain more than 50% uncertainty.
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Best practices for F*(r) mesh generation

• Setting the FST=yes parameter will produce a .3dmap file 
showing the F*(r) function that was calculated

• The convergence summary of the F*(r) function is printed as a 
warning message at the end of the table of generations
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How to use CLUTCH with an F*(r) Mesh

• Set cet=1 to enable CLUTCH

• Set cfp=# for the number of latent generations for the 
IFP calculation of the F*(r) function

• Increase the number of inactive generations to allow 
the F*(r) function to converge

• Set cgd=# to tell CE TSUNAMI-3D the ID of the 
GridGeometry mesh for F*(r) or cgd=yes and msh=# for 
uniform mesh

• Make the GridGeometry mesh for F*(r), if necessary
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CLUTCH input
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Sensitivity coefficients: Impact of F*(r)

Nuclide IFP Sensitivity
CLUTCH 
Sensitivity 

without F*(r)

CLUTCH 
Sensitivity
with F*(r)

U-234 7.06E-03 
± 6.78E-04

6.88E-03
± 2.64E-04
(-0.25 σ)

7.32E-03
± 2.72E-04
(-0.36 σ)

U-235 7.98E-01
± 5.31E-03

7.88E-01
± 2.13E-03
(-1.75 σ) 

8.02E-01
± 1.84E-03
(-0.71 σ)

U-238 1.74E-02
± 1.49E-03

1.62E-02
± 5.71E-04
(-0.75 σ)

1.80E-02
± 5.68E-04
(-0.38 σ)
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SAMS parameters

• Options for SAMS parameters are limited in CE TSUNAMI-3D

• Most of the limited SAMS parameters deal with processing 
sensitivity coefficients for MG TSUNAMI-3D

• The available SAMS options are as follows:
Ø  nomix   Does not print sensitivities by mixture
Ø  unconstrainedchi Does not constrain chi sensitivities

q This is not a recommended option
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CLUTCH vs IFP

CLUTCH
• Advantages:

– More efficient than IFP both in terms of 
speed and memory usage

– Implemented in KENO in parallel
– Often useful for fast-spectrum systems

• Disadvantages:
– Known issues with sensitivities in reflectors
– Unknown relationship between F*(r) 

convergence and sensitivity accuracy

IFP
• Advantages:

– Generally accurate

• Disadvantages:
– Memory use can make some problems 

impossible for real computers
– No parallel implementation in KENO

• Parallel implementation using SHIFT
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TSUNAMI sensitivity methods
TSUNAMI Method Accuracy Runtime Memory 

Footprint Ease of Use

TSUNAMI-1D Deterministic, 
Multigroup Seconds Negligible Very Easy

TSUNAMI-2D Deterministic, 
Multigroup

Seconds – 
Minutes Negligible Very Easy

TSUNAMI-3D

Multigroup 
Approach

Monte Carlo, 
Multigroup

Minutes – 
1 Week

Mesh drives, 
can be 

considerable

Driven by mesh 
and XS 

processing

IFP Monte Carlo, 
Continuous-Energy

Minutes – 
Several Weeks†

Model and CFP 
drive, can be 
considerable

Easy

CLUTCH Monte Carlo, 
Continuous-Energy

Minutes – 
1 Week*

Generally 
Negligible Generally Easy

*CLUTCH is implemented in parallel in 
KENO and †IFP is implemented in parallel 

in Shift, allowing feasible runtimes. 

The parallel executables are not distributed and 
must be built by the user. In serial, run times 

are hours to a month or more.
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SAMS parameters

• Options for SAMS parameters are limited in CE TSUNAMI-3D

• Most of the limited SAMS parameters deal with processing 
sensitivity coefficients for MG TSUNAMI-3D

• The available SAMS options are as follows:
Ø  nomix   Does not print sensitivities by mixture
Ø  unconstrainedchi Does not constrain chi sensitivities

q This is not a recommended option
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CE TSUNAMI-3D summary
• CE TSUNAMI-3D contains two methods for calculating eigenvalue sensitivity 

coefficients

• CE TSUNAMI-3D usually does not require as much input as multigroup TSUNAMI-3D, 
and it calculates sensitivity coefficients in a single forward simulation

• CLUTCH can be more efficient and may require less memory than IFP, but it requires 
generating an F*(r) mesh and running a sufficient number of “skipped” generations 
to tally the function

• The IFP sensitivity method (cet=2) requires inputting some number of latent 
generations (cfp=#)
– Between 2 and 20 latent generations is recommended; 5 to 10 is generally sufficient

• The CLUTCH method (cet=1) requires:
– Creating a mesh for tallying F*(r) → start with 1–2 cm uniform intervals or define a 

GridGeometry to use for F*(r) (cgd=#)
– Some number of latent generations (cfp=#) → usually between 5 and 10 generations
– Increase NSK so that the problem simulates between 1 and 100 histories per mesh interval



Appendix

• More equations and details for the 
interested attendee
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Relative sensitivity of keff to a single energy group of a particular 
nuclide–reaction pair cross section, Sx,g, is expressed as: 

where  
 
f = neutron flux; 

 

f† = adjoint neutron flux 
k = keff, the largest of the eigenvalues 
A = operator that represents all of the transport equation except for the 
fission term 
B = operator that represents the fission term of the transport equation 
S = problem-dependent resonance self-shield macroscopic cross sections 




x  = phase space vector; and  

 

 indicate integration over space, direction and energy variables. 

Calculating sensitivity coefficients

𝑆!,#!,# =
Σ$,%
𝑘&''

𝜕𝑘&''
𝜕Σ$,%

𝑆!,# )⃑ ≡
Σ 𝑟
𝑘

𝜕𝑘
𝜕Σ 𝑟

= −
Σ 𝑟
𝑘

𝜙* 𝜉
𝜕𝐴 Σ 𝜉
𝜕Σ 𝑟 − 1𝑘

𝜕𝐵 Σ 𝜉
𝜕Σ 𝑟 𝜙 𝜉

𝜙* 𝜉 1
𝑘+ 𝐵 Σ 𝜉 𝜙 𝜉
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Calculating sensitivity coefficients (cont.)

• For a sample capture reaction (cap.), the first-order perturbation 
equation reduces to something like the following:

• Tallying reaction rates is relatively straightforward for a Monte 
Carlo code

• The challenge is, therefore, tallying the forward and adjoint fluxes 
as a function of space, energy, and angle

𝑆",$!"#. =
< 𝛷%	Σ&'(.𝛷 >
1
𝑘 < 𝛷%	Σ)*+.𝛷 >
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Direct Perturbation Review – Three Point Method

• Use TSUNAMI Sensitivity to estimate Δρ
• Example S=0.25 and keff=1: Δρ = 0.02

– The impact of keff on Δρ is pronounced for deeply subcritical 
application systems, but negligible for critical experiments

• For total sensitivities of 0.02 or higher, Δρ will be 25% or less
• Larger perturbations may depart from linear behavior

=

0.005
𝑘&''
𝑆()*+,
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Direct Perturbation Plot

SDP

σSDP



TSUNAMI-3D workshop
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TSUNAMI-3D workshop

• As with TSUNAMI-1D workshop, the first problem is a class 
exercise, then other problems on your own

• While the class exercise problem is running, we will discuss 
recommended approaches for production calculations

• Then you'll have time on your own to work problems

• Starter KENO models are provided for all cases

• Review problems and select cases that would be most 
applicable to the systems you deal with,  to maximize the 
usefulness of the workshop
– Beware volume calculation defaults and memory size for fine mesh 

descriptions
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MIX-COMP-THERM-002-001
• Found in \workshops\inputs\kenova 

• Rectangular arrays of water-moderated UO2-2 wt% PuO2 (8% 
240Pu) fuel rods

• H/(U+Pu)=1.1946

• EALF=0.579 eV

• Pu/(U+Pu)=0.0204
 

Nuclide Direct 
Perturbation TSUNAMI-3D

239Pu 0.10 ± 0.01
1H Mix 4 0.34 ± 0.01
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Launch Fulcrum
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Open CSAS5 file MIX-COMP-THERM-002-001-KENOVa.inp
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Save as... new file MIX-COMP-THERM-002-001.inp
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Change sequence to TSUNAMI-3D-K5



9696 SCALE 6.3.1| Last Updated: February 2024                           96

Set key parameters for long run

*Remember to add htm=no since mfx=yes is present for MG.
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Add SAMS block to print implicit sensitivity coefficients
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Save and run SCALE
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Open HTML output
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Main HTML page

Sensitivity results

Go to 
SCALE 
Website
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SAMS main page

Return to 
Main HTML

Page
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Sensitivity results by nuclide and reaction – Integrated 
over energy
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Sensitivity of keff to total cross section of each nuclide – Integrated over 
energy: equivalent number density perturbation

CLUTCH results
Sort sensitivities

Good agreement 
with DP results
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Calculation notes: 

• On a 3.6 GHz Windows PC, forward calculation takes ~3.5 
minutes, adjoint ~20 minutes.

• Total runtime ~27 minutes

• KENO calculations require ~1 GB of RAM

• PNM=1 was set to speed up runtime and reduce storage

• NPG, APG, SIG, ASG were also reduced from recommended 
production values
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SDF generation/verification process
Generate KENO Model

Good 
agreement with 

benchmark?
Fix, rerun

Generate TSUNAMI 
Model

Sensitivities

DP Base CaseIf no composition or unit cell 
modifications in T3D model

DP Cases

DP Sensitivities

Good 
Agreement?

Add to 
library!

Yes

No

N
ot sure/N

o

Then vary TSUNAMI parameters – mesh, moment order, manual subdivison, etc.

Yes

No

Check FWD with KENO, 
FWD & ADJ agreement, 

FWD normality Are DPs 
correct?

Yes
C

heck D
Ps first!

If c
ompositi

on or u
nit c

ell 

modific
ations in

 T3D model
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Production calculations with TSUNAMI-3D

• Verify input model
– Verify number densities against benchmark specification for exact 

match
• Application system may not have exact number densities for matching, but 

compositions should be correct
– Verify dimensions against benchmark specification for exact match

• Again, for application system, appropriate dimensions may need to be 
determined

– Review modeling assumptions and approximations to ensure they are 
reasonable
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Production calculations with TSUNAMI-3D (cont.)

• Unit cell data (MG only)
– Verify proper use of multiple unit cell specifications to reduce modeling 

approximations
– Remove use of More Data with input Dancoff factors to specify multiple fuel 

types (SCALE 4 style input)
– Consider necessity of separate unit cell input for wet/dry portions of fuel rods
– Consider necessity of multiregion unit cells to properly account for implicit 

effects in interacting materials
– Explicitly specify infhommedium individually for each mixture that does not 

appear in other unit cells 
• ex: inf 12 end
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Production calculations with TSUNAMI-3D (cont.)

• MG parameters
– Use mesh fluxes where possible and turn off transform. Initial mesh size is 

1/10th of smaller outer dimension of active fuel msh=xxx mfx=yes tfm=no
• Consider starting with pitch as mesh size, potentially offset so each mesh cell is quartered

– Set tight convergence criteria with sig and asg parameters with large 
numbers of generations for forward and adjoint calculations: 
gen=10000 npg=10000 sig=0.0005 asg=0.001

– For fast systems, set apg to a larger number as needed. Default apg is 
3×npg

– Leave pnm at default value of 3, unless excess storage is needed for 
mesh fluxes, then set pnm=1
• Increasing to pnm=5 may help agreement between TSUNAMI and direct perturbations
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Production calculations with TSUNAMI-3D (cont.)

• CE parameters
– IFP and CLUTCH

• Ensure an appropriate number of latent generations
– More latent generations leads to a more accurate, but higher uncertainty, result
– High-leakage systems are particularly susceptible to this due to short fission chains

– CLUTCH only
• Select a mesh

– 1–2 cm has been shown to be adequate in most cases
• NSK will likely need to increase significantly (hundreds to perhaps 1,000)

– The importance function is tallied during these generations
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Production calculations with TSUNAMI-3D (con’t)

• Verification of proper execution
– MG and CE

• Examine forward case for keff normality
• Ensure forward calculation is well converged by examining plot of average keff by 

generations skipped (second KENO plot)
• Verify forward keff is close to the expectation from measured/CSAS results
• Inconsistent keff values require investigation
• Inexplicable inconsistent results should be noted and discarded

– MG only
• Ensure forward and adjoint keff values are in good agreement, < 0.5% difference
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Production calculations with TSUNAMI-3D (cont.)

• Direct perturbation
– Verify sensitivities of important nuclides with direct perturbations for 

each distinct model type with CSAS calculations
– Verify at least the most important fissile nuclide and the most important 

moderating nuclide
– If model is intended to validate a specific component, then test those 

nuclides as well (e.g., absorber materials, fission products, reflector 
materials)

– Set tight convergence criteria to see effect of perturbation gen=10000 
npg=10000 sig=0.0001
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Integrated plotting with Fulcrum
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Navigate to Pu-239 fission

Double click
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Show plots on same graph

• Right-click on other sensitivity
– For example, Pu-240 capture

• “Add Graph to …”
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Questions before workshop time?
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15x15 Assy

Fuel Pins
 Zirc-4 clad MOX fuel
 Pu/(U+Pu) 6 wt% 
 0.3 wt% 235U, 99.7wt%238U
 96 wt% 239Pu, 4 wt% 240Pu
 Pellet Radius 0.47525 cm
 Gap Radius 0.48515 cm
 Clad Radius 0.54355 cm

Guide Tubes
 Zirc-4
 Inner Radius 0.635 cm
 Outer Radius 0.67055 cm

Length: 365 cm
Pin Pitch 1.4427 cm

Storage Tube
 Inner dim 22 cm
 0.5 cm thick SS-304
 0.25 cm borated SS
  7.9 g/cm3

  2 wt% boron

Water with 300 ppm boron

Storage Tube Pitch 13 cm

Material Direct 
Perturbation TSUNAMI-3D

Mix 1 0.096 ± 0.007
Mix 3 0.205 ± 0.007

MOX fuel storage rack
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Critical experiments

•MOX-Polystyrene compacts published in 
NS&E Vol. 55. 
• Table 5, Case 4

– H/(U+Pu)=2.8
– EALF=39.7 eV
– Pu/(U+Pu)=0.303

Nuclide Direct 
Perturbation TSUNAMI-3D

239Pu Mix 1 0.243 ± 0.005
1H Mix 1 0.103 ± 0.004
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PU-SOL-THERM-014-019

• 10 cm surface-to-surface separation.

•Create model that accurately 
computes sensitivity coefficients for 1H 
and 239Pu

Nuclide Direct 
Perturbation TSUNAMI-3D

239Pu 0.074 ± 0.003
1H Mix 1 0.595 ± 0.007
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MIX-MET-FAST-001-001

•ZPPR-21: Cylindrical assemblies of mixed 
fissile Pu and U metal reflected by 
graphite
– H/(U+Pu)=0
– EALF=279,000 eV
– Pu/(U+Pu)=0.414

Nuclide Direct 
Perturbation TSUNAMI-3D

239Pu 0.49 ± 0.009
C Mix 3 0.19 ± 0.008
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Castor cask

KENO-VI model of VVER-440 shipping cask

Material Direct Perturbation TSUNAMI-3D
Mix 1 - fuel 0.214 ± 0.010

Mix 3 - moderator 0.499 ± 0.010



TSUNAMI-3D workshop 
review
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15x15 Assembly Description
Fuel Pins
 Zirc-4 clad MOX fuel
 Pu/(U+Pu) 6 wt% 
 0.3 wt% 235U, 99.7wt%238U
 96 wt% 239Pu, 4 wt% 240Pu
 Pellet Radius 0.47525 cm
 Gap Radius 0.48515 cm
 Clad Radius 0.54355 cm

Storage Tube
 Inner dim 22 cm
 0.5 cm thick SS-304
 0.25 cm borated SS
  7.9 g/cm3

  2 wt% boron

Water with 300 ppm boron

Storage Tube Pitch 13 cm

Material Direct 
Perturbation MG TSUNAMI-3D IFP IFP-Shift CLUTCH

Mix 1 0.096 ± 0.007 0.103 ± 0.003 0.083 ± 0.007 0.094 ± 0.011 0.094 ± 0.003 

Mix 3 0.205 ± 0.007 0.209 ± 0.011 0.185 ± 0.012 0.217 ± 0.020 0.206 ± 0.006 

MOX fuel storage rack
Guide Tubes
 Zirc-4
 Inner Radius 0.635 cm
 Outer Radius 0.67055 cm

Length: 365 cm
Pin Pitch 1.4427 cm

MG TSUNAMI Parameters IFP/Shift CLUTCH

Run time = 36.5 minutes 96.0 min/
2.90 min on 16 cores 14.6 min on 16 cores

gen=10000 agn=10000 tfm=no cet=2 cet=1 sig=0.002

npg=10000 apg=30000 mfx=yes cfp=7 cfp=5 cgd=yes

sig=0.002 asg=0.005 msh=4 npg=10000 nsk=100 msh=2

nsk=50 ask=100 sig=0.0025



123123 SCALE 6.3.1| Last Updated: February 2024                           123

Critical experiments
•MOX-Polystyrene compacts published in NS&E Vol. 

55. 
• Table 5, Case 4

Nuclide Direct Perturbation MG TSUNAMI-3D IFP IFP-Shift CLUTCH

239Pu Mix 1 0.243 ± 0.005 0.231 ± 0.001 0.242 ± 0.004 0.241± 0.005 0.242 ± 0.001

1H Mix 1 0.103 ± 0.004 0.109 ± 0.008 0.115 ± 0.004 0.098 ± 0.009 0.109± 0.002

MG TSUNAMI Parameters IFP/Shift CLUTCH

Run time 21.4 min 58.3 min/
3.71 min on 16 cores 22.9 min on 16 cores

gen=10050 agn=10150 tfm=no cet=2 cet=1 sig=0.002

npg=10000 apg=30000 mfx=yes cfp=5 cfp=5 cgd=yes

sig=0.002 asg=0.01 msh=7 npg=10000 nsk=200 msh=2

nsk=50 ask=150 nsk=40
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PU-SOL-THERM-014-019

Volume:
  Batches=1000
  Points=10,000

Nuclide Direct Perturbation MG TSUNAMI-3D IFP IFP-Shift CLUTCH

239Pu 0.074 ± 0.003 0.088 ± 0.022 0.069 ± 0.004 0.072 ± 0.003 0.083 ± 0.002

1H Mix 1 0.595 ± 0.007 0.614 ± 0.021 0.606 ± 0.014 0.614 ± 0.011 0.610 ± 0.010

MG TSUNAMI CET IFP/Shift CET CLUTCH
Run time 2.03 h 2.83 h/

16.7 min (16 cores)
13.4 min 

(16 cores)
npg=15000 apg=15000 cet=2 cet=1
nsk=5 ask=145 cfp=5 cfp=5
sig=100e-5 asg=200e-5 15x15x15 mesh in 

each can

tfm=yes mfx=yes
10x10x10 mesh in each can
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MIX-MET-FAST-001-001

• Parameters
MG TSUNAMI CET IFP/Shift CET CLUTCH

Run time 3.21 h 3.02 h/
9.22 min (16 cores)

22.8 min
(16 cores)

npg=10000 apg=50000 cet=2 cet=1
nsk=50 ask=150 cfp=5 cfp=5
sig=0.001 asg=0.003 msh=2
tfm=no mfx=yes

msh=10

Nuclide Direct Perturbation MG TSUNAMI-3D IFP IFP-Shift CLUTCH

239Pu 0.49 ± 0.008 0.490 ± 0.001 0.503 ± 0.004 0.497 ± 0.004 0.496 ± 0.002

C Mix 3 0.19 ± 0.008 0.187 ± 0.002 0.199 ± 0.005 0.191 ± 0.005 0.198 ± 0.002
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CASTOR cask

MG TSUNAMI CET IFP/Shift CET CLUTCH

Run time 1.86 h 1.16 h/
6.08 min (16 cores)

5.67 min
(16 cores)

npg=10000 apg=30000 cet=2 cet=1
sig=100e-5 asg=200e-5 cfp=5 cfp=10
tfm=no mfx=yes msh=5
msh=6

Nuclide Direct Perturbation MG TSUNAMI-3D IFP IFP-Shift CLUTCH

Fuel (Mix 1) 0.214 ± 0.010 0.220 ± 0.002 0.225 ± 0.007 0.235 ± 0.007 0.229 ± 0.004

Moderator
(Mix 3) 0.499 ± 0.010 0.502 ± 0.009 0.519 ± 0.013 0.480 ± 0.013 0.526 ± 0.010
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On your own

•Work other exercises

•Remember:
– Pick the ones most applicable to your work!


