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Introduction 

• The SCALE code contains a suite of uncertainty analysis tools 
including the TSUNAMI-3D code, which calculates eigenvalue 
sensitivity coefficients for 3D, multigroup Monte Carlo problems. 

• The SCALE TSUNAMI methodology has recently been extended 
to enable eigenvalue sensitivity coefficients calculations using 
continuous-energy (CE) Monte Carlo methods. 

• This both improves the fidelity of sensitivity coefficient 
calculations and expands the range of applications for sensitivity 
and uncertainty analyses. 

• Eigenvalue sensitivity coefficients 
describe the change in the eigenvalue 
of a system that occurs due to 
uncertainty or perturbations in 
system parameters. 
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Scope of this Study 

• This study examines two International Criticality Safety Benchmark Evaluation 
Project (ICSBEP) critical benchmarks that produced poor multigroup (MG) 
eigenvalue and eigenvalue sensitivity results. 

• These systems were modeled using the SCALE CE KENO and CE TSUNAMI tools 
to quantify the improvements in accuracy offered by the CE methods. 

 

 

 

 

 

 

 

• Sensitivity coefficients were also calculated for these test problems using the 
multigroup TSUNAMI-3D code, and the sensitivity methods were compared in 
terms of accuracy, efficiency, and memory requirements. 

• Direct perturbation calculations were used to obtain reference sensitivity coefficients 
for the most important nuclides in each test problem. 

KENO-3D Model of  

HEU-MET-FAST-025-005 

KENO-3D Model of  

LEU-COMP-THERM-010-014 
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Iterated Fission Probability Method 

• In practice, the IFP method requires storing reaction rate tallies for 
some number of generations until the importance of these tallies is 
determined.  

• Although the memory requirements for storing these reaction rate 
tallies can be large, the IFP method allows for accurate sensitivity 
coefficient calculations with a reasonable increase in problem runtime. 

• 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 that are descendants 
of the original event. Illustration of the IFP process.  Image 

courtesy of Brian Kiedrowski. 
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CLUTCH Method 

• The Contributon-Linked eigenvalue sensitivity/Uncertainty 
estimation via Tracklength importance Characterization (CLUTCH) 
method calculates the importance of events during a particle’s 
lifetime by examining how many fission neutrons are created by that 
particle after the those events occur. 

• The importance of an event given by: 

 

 

     where… 

     G(τs →r) =  The number of fission neutrons created at r  
    by a neutron originating in phase space τs. 

     F*(r)        = The average importance of a fission neutron  
     born at r. 
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HEU-MET-FAST-025-005 Results 

V Elastic Scattering Sensitivity V (n,γ) Sensitivity 

Reference MG KENO CE KENO 

0.9991 ± 0.0016 
1.0132 ± 0.0001 

(1.41% diff.) 

1.0040 ± 0.0001 

(0.49% diff.) 

Eigenvalue Comparison 
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HEU-MET-FAST-025-005 Results 

Nuclide 
Direct 

Perturbation 
MG TSUNAMI IFP CLUTCH 

V 0.0883 ± 0.0063 
0.1000 ± 0.0012 

(1.834 σ) 

0.0904 ± 0.0002 

(0.338 σ) 

0.0919 ± 0.0002 

(0.581 σ) 

U-234 0.0073 ± 0.0005 
0.0074 ± 0.00001 

(0.155 σ) 

0.0074 ± 0.00004 

(0.266 σ) 

0.0074 ± 0.00002 

(0.191 σ) 

U-235 0.7147 ± 0.0467 
0.7358 ± 0.0013 

(0.451 σ) 

0.7383 ± 0.0003 

(0.505 σ) 

0.7393 ± 0.0002 

(0.527 σ) 

U-238 0.0073 ± 0.0005 
0.0078 ± 0.00004 

(0.863 σ) 

0.0076 ± 0.0001 

(0.455 σ) 

0.0076 ± 0.00004 

(0.551 σ) 

HEU-MET-FAST-025-005 

Total Nuclide Sensitivity Coefficient Comparison 

• Moving to CE calculations significantly improved the predicted eigenvalue. 

• Significant differences were observed in the sensitivity coefficients at energies 
corresponding to those of large capture resonances. 

• The CE total nuclide sensitivity coefficients were not significantly more 
accurate than the MG total nuclide sensitivity coefficients. 
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U-238 Total Nuclide Sensitivity Fe-56 (n,γ) Sensitivity 

Reference MG KENO CE KENO 

1.0000 ± 0.0028 
1.0014 ± 0.0001 

(0.14% diff.) 

1.0021 ± 0.0001 

(0.21% diff.) 

Eigenvalue Comparison 

LEU-COMP-THERM-010-014 Results 
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LEU-COMP-THERM-010-014 Results 

Nuclide Reference MG TSUNAMI IFP CLUTCH 

H-1 

(Mod.) 
0.3062 ± 0.0032 

0.3191 ± 0.0011 

(3.825 σ) 

0.3124 ± 0.0105 

(0.562 σ) 

0.3144 ± 0.0051 

(1.357 σ) 

O-16 0.0632 ± 0.0039 
0.0593 ± 0.0002 

(-0.992 σ) 

0.0576 ± 0.0025 

(-1.204 σ) 

0.0585 ± 0.0010 

(-1.161 σ) 

Fe-56 0.0263 ± 0.0017 
0.0262 ± 0.0001 

(-0.023 σ) 

0.0247 ± 0.0011 

(-0.766 σ) 

0.0249 ± 0.0007 

(-0.710 σ) 

U-235 0.1723 ± 0.0105 
0.1550 ± 0.0001 

(-1.639 σ) 

0.1531 ± 0.0049 

(-1.654 σ) 

0.1540 ± 0.0018 

(-1.709 σ) 

U-238 -0.0761 ± 0.0011 
-0.0769 ± 0.0001 

(-0.764 σ) 

-0.0769 ± 0.0027 

(-0.276 σ) 

-0.0762 ± 0.0010 

(-0.097 σ) 

• Moving to CE calculations did not significantly affect the predicted eigenvalue. 

• Significant differences were again observed in the sensitivity coefficients at 
energies corresponding to those of large capture resonances. 

• The CE total nuclide sensitivity coefficients were significantly more accurate 
than the MG total nuclide sensitivity coefficients. 

LEU-COMP-THERM-010-014 

Total Nuclide Sensitivity Coefficient Comparison 
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CE TSUNAMI Performance Metrics 

1 

10 

100 

1000 

10000 

100000 

1000000 

10000000 

V U-234 U-235 U-238 

Fi
gu

re
 o

f 
M

e
ri

t 
(m

in
-1

) 

Nuclide 

Experiment 
MG 

TSUNAMI 
IFP CLUTCH 

HEU-MET-FAST-

025-005 
5,007 MB 1,675 MB 0.16 MB 

LEU-COMP-

THERM-010-014 
15,131 MB 19,509 MB 0.29 MB 

Memory Increase Compared to Eigenvalue-only Calculation 

HEU-MET-FAST-025-005 FoM Comparison LEU-COMP-THERM-010-014 FoM Comparison 

• The CLUTCH method is 
consistently more efficient 
than the IFP method. 

• CE TSUNAMI is sometimes 
more efficient than MG 
TSUNAMI. 

• CLUTCH produces a minimal 
memory footprint. 
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Conclusions and Future Work 

• Moving to CE physics significantly improved the HEU-MET-FAST-025-005 eigenvalue 
estimates and the LEU-COMP-THERM-010-014 eigenvalue sensitivity coefficient 
estimates. 

• Significant differences were observed in both systems for sensitivity coefficients near 
energies corresponding to those of large capture resonances.  These differences did not 
always translate into significant differences in the energy-integrated total nuclide 
sensitivity coefficients. 

• The CLUTCH method was found to be consistently more efficient than the IFP 
method, offering as much as an order of magnitude gain in efficiency. 

• CE TSUNAMI produced higher FoMs than the MG TSUNAMI for several sensitivity 
coefficients, which was surprising because CE TSUNAMI calculations use continuous-
energy physics. 

• CE TSUNAMI is available in the SCALE 6.2 Beta2. 

• Future work includes: 

 Implementing a deterministic approach to pre-calculate the F*(r) mesh. 

 Adding a capability to calculate angular scattering sensitivity coefficients. 

 Developing the CE TSUNAMI generalized response sensitivity capability. 
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O-16 Capture Sensitivity 

238-group CLUTCH VS  

Microgroup CLUTCH 
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H-1 Elastic Scatter Sensitivity 

238-group CLUTCH VS  

Microgroup CLUTCH 

U-238 Capture Sensitivity 

238-group CLUTCH VS  

Microgroup CLUTCH 
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GPT Flattop Foil Sensitivity Coefficients 

F28/F25 Foil Sensitivities F37/F25 Foil Sensitivities 

Flattop Total Nuclide Foil Response Sensitivities 

Experiment Response Isotope Direct Pert. GEAR-MC T1D 

Flattop 

F28 / F25 

U-238 0.8006 ± 0.0533 
0.7954 ± 0.0018 

(-0.097 σ) 

0.8024 

(0.034 σ) 

Pu-239 0.0528 ± 0.0043 
0.0561 ± 0.0012 

(0.727 σ) 

0.0657 

(2.993 σ) 

F37 / F25 

U-238 -0.1540 ± 0.0102 
-0.1608 ± 0.0016 

(-0.664 σ) 

-0.1551 

(-0.112 σ) 

Pu-239 0.0543 ± 0.0048 
0.0489 ± 0.0010 

(-1.097 σ) 

0.0736 

(3.991 σ) 


