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Abstract

Monte Carlo Criticality Calculations with MCNP6-Whisper

Forrest Brown,  Jennifer Alwin,  Michael Rising
Monte Carlo Methods, Codes, & Applications, LANL

Review of MC criticality fundamentals (9am - 11am)
• This portion of the tutorial session is targeted at new or early-career criticality safety analysts to provide a review of basic

concepts, including:  best practices for MC criticality calculations, spectra, lethargy, sensitivity, nuclear data uncertainties, 
etc.

What's new with MCNP6.2 & Whisper-1.1 (11am - 12pm)
• An update on what is the same or different with the 2017 release of MCNP6.2 & Whisper-1.1.

Tutorial on using MCNP6-Whisper-1.1 for NCS validation (1pm - 5pm)
• Whisper-1.1 makes use of MCNP6-generated sensitivity profiles and cross-section covariance data to provide guidance 

for setting baseline USLs for NCS validation. Background & practical application of the new tool will be covered, along with 
discussion of ANS standards.

• Discussion time will be available for specific issues concerning installation, problem resolution, user issues, computational
details, etc.

• Laptops are not required, but participants with laptops & installed MCNP6 can follow the demonstrations hands-on.

Acknowledgment:   This work was supported by the 
US DOE-NNSA Nuclear Criticality Safety Program.
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Schedule & Lecture Material

MORNING:
Introduction
Neutron Physics & Statistical Methods   

a) Neutron Spectra 
b) Nuclear Data Sensitivities
c) Covariance Data For Nuclear Cross-sections
d) Correlation Coefficients

Best Practices For Monte Carlo Criticality Calculations

What's new with MCNP6.2 & Whisper-1.1

AFTERNOON:
Validation For Nuclear Criticality Safety
Application To Nuclear Criticality Safety Validation   

a) Introduction
b) Benchmark Selection - Ck's
c) Extreme Value Theory - Bias, Bias Uncertainty 
d) MOS For Nuclear Data Uncertainty - GLLS 

Practical Use Of Sensitivity-Uncertainty Tools   
b) Introduction - Scale-Tsunami & Mcnp6-Whisper
c) MCNP/Whisper - Whisper_mcnp, Whisper_usl 

Examples   
a) Pu Pyrochemical Processing -
b) HEU examples 
c) General Studies

Using Whisper to Support NCS Validation ANS-8.24 Requirements

Lecture notes from:
LA-UR-17-27058,   Brown, Rising, Alwin
Sensitivity-Uncertainty Techniques for 
Nuclear Criticality Safety

Additional notes from:
LA-UR-17-24260,    Brown, Rising, Alwin
Release of MCNP6.2 & Whisper-1.1 -
Guidance for NCS Users 

LA-UR-17-24406,    Brown, Rising, Alwin
Verification of MCNP6.2 for Nuclear 
Criticality Safety Applications 

LA-UR-17-25009, Brown,
Investigation of Clustering in MCNP6 
Monte Carlo Criticality Calculations
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Clustering  vs  Density      (1,000 neuts/cycle)

Cycle 1 Cycle 1000 Cycle 4000Cycle 3000Cycle 2000

Density = 0.01
𝓵F = 114.5 cm
fHmax = 10608%
fH = 55.2%
𝓵F/𝓵geom = 44.1% 

Density = 0.05
𝓵F = 26.9 cm
fHmax = 127%
fH = 35.9% 
𝓵F/𝓵geom = 10.1%

Density = 0.10
(real-world density) 
𝓵F = 13.7 cm
fHmax = 16.7%
fH = 22.9%
𝓵F/𝓵geom = 5.1%

Density = 0.25
𝓵F = 5.5 cm
fHmax = 1.1%
fH = 8.8%
𝓵F/𝓵geom = 2.1%
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A real Problem – Realistic PWR Detailed Model

Nakagawa & Mori model 
of 2D PWR,  realistic

– 50,952 fuel pins with cladding

– 4,825 water tubes for rods or 
detectors

– Each assembly:
• Explicit fuel pins & rod channels
• 17 x 17 lattice of pins in each 

assembly
• Enrichments:  2.1%,  2.6%,  

3.1%

– ENDF/B-VII.1 nuclear data

– Usually run with 100k neuts/cycle

– For 3D whole-core,  reactor was 
chosen to be 100 cm high,
with water above & below

UNM - T - 08 - 18!

Monte Carlo Techniques  
for Nuclear Systems!

F. Brown!Example Problem - Reactor!

2D quarter-core PWR         (Nakagawa & Mori model)!

•  48 1/4  fuel assemblies:!
–  12,738 fuel pins with cladding!
–  1206 1/4  water tubes for  

    control rods or detectors!

•  Each assembly:!
–  Explicit fuel pins & rod channels!
–  17x17 lattice !
–  Enrichments:    2.1%,  2.6%,  3.1%!

•  Dominance ratio  ~  .96!

•  125 M active neutrons for each calculation!
•  ENDF/B-VII data, continuous-energy!
•  Tally fission rates in each quarter-assembly!

 

Plot of ¼ of 
the model

UNM - T - 08 - 18!

Monte Carlo Techniques  
for Nuclear Systems!

F. Brown!Example Problem - Reactor!

2D quarter-core PWR         (Nakagawa & Mori model)!

•  48 1/4  fuel assemblies:!
–  12,738 fuel pins with cladding!
–  1206 1/4  water tubes for  

    control rods or detectors!

•  Each assembly:!
–  Explicit fuel pins & rod channels!
–  17x17 lattice !
–  Enrichments:    2.1%,  2.6%,  3.1%!

•  Dominance ratio  ~  .96!

•  125 M active neutrons for each calculation!
•  ENDF/B-VII data, continuous-energy!
•  Tally fission rates in each quarter-assembly!
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PWR2D – Clustering  vs  Neutrons/cycle
50 neutrons/cycle

Cycle 1000 Cycle 4000Cycle 3000Cycle 2000
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1100 neutrons/cycle
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1500 neutrons/cycle
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Conclusions, Comments, Suggestions

• For most practical problems, clustering is not a concern
– Most problems today:   10k, 100k, or more neutrons/cycle

• mcnp6.2 will issue warning message if < 10k neuts/cycle
– For large reactors, it is routine to run very large neuts/cycle, 

to get more efficient performance on parallel clusters

• For large solution tanks, clustering is a concern
– NCS practioners should (but probably won't) run 100k or 1M neuts/cycle
– There are some very, very large solution tanks (with very low Keff)
– But fortunately, Keff result should be conservative, even with clustering 

• Very large solution tank with clustering will be similar to infinite medium problem, 
with relatively few neutrons leaking.  Keff will be overestimated, which is 
conservative for crit-safety

• Very important to develop a diagnostic for clustering

• Cluster diagnostic for storage racks may be very different from large 
solution tanks  (due to empty space, loose-coupling, etc.)
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Practical Examples
for NCS Analysts
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Examples using Whisper

• Pu Pyrochemical Processing
– Example 1: Typical computational model: ingot
– Example 2:  Geometry: Annular
– Example 3:  Material: Pu-NaCl
– Example 4:   Reflection: Ta
– Example 5: Moderation: Oil

• U Metal Examples
– Example 6:    U billet with graphite/furnace insulation reflection
– Example 7:    U cylinder with Ta Reflection

• General Studies
– Example 8:    Revisiting a Practical Application of the 

Single-Parameter-Subcritical-Mass Limit for Plutonium
Metal with Whisper

– Example 9:    Critical-mass curves and USL-mass curves comparison

Note for examples & demo:
To save time for class demos & running on a laptop, the full suite of 1101 Whisper Benchmarks is not used. Rather, 
a set of 246 benchmarks including sensitivity profiles from a LANL NCS traditional validation suite is used as the 
catalog. Parameters for running MCNP6 to get application sensitivity profiles use reduced values to save run time.
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Upper Subcritical Limit   (USL)

• For an application:
– A calculated  Keff < 1.0  is NOT sufficient to ensure subcriticality
– Must conservatively account for 

• Bias & uncertainties in the calculational method
• Uncertainties in the physical model (eg, mass, isotopics, geometry, ...)

Keff = 1

USL

Bias =  mean  (Kcalc- Kexp) for a set of experiments that     
are similar to the application

Bias Uncertainty, at 95% or 99% confidence level

Margin of Subcriticality (MOS) = code & data uncertainties 

MOS for Area of Applicability (AOA) = if benchmarks
are not similar enough to application

Must have:     Kcalc + 2σcalc <   USL
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Pyrochemical Processing

• Electrorefining is a batch plutonium metal purification process
– Feed: impure plutonium metal ingot
– Product: pure plutonium metal ring
– Waste: salt, anode heel, crucible

à à

• Purification media is an equimolar NaCl/KCl molten salt at 740ºC
– A small amount of plutonium chloride seed to charge the electrolyte with Pu(III). 

• Liquid plutonium oxidizes at the anode (ingot) into the electrolyte
• Pu(III) ion in transported through the electrolyte to the cathode
• Reduced to metal dripping into the outer cup

Ref:   Actinide Research 
Quarterly, 3rd Quarter 2008
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Example 1 
–

4.5 kg Pu Ingot, 
varying H/D
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Example 1: 4.5 kg Pu Ingot, varying H/D   (1)

• 4.5 kg Pu-239 right-circular cylinder 
• Pu density = 19.86 g/cm3

• Reflected radially with 1 inch of water
• Reflected on the bottom with ¼ inch steel

• Vary the height-to-diameter (H/D) 
over the range  0.5 – 3.0

– Start with wval1.txt, input for H/D = 1
mcnp6   i=wval1.txt  

– Copy wval1.txt to wval1p.txt, then insert directives for mcnp_pstudy
• Define list for HD:

c @@@ HD =  0.5  1.0  1.5  2.0  2.5  3.0

• For a given H/D, compute Pu radius, 
then other dimensions

• Use parameters for dimensions & location of KSRC point
   

V = (Pu mass) (Pu density)

V = HπR2 = (H/D) ⋅ 2πR3

R = V 2π (H/D)⎡⎣ ⎤⎦
1/3
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Example 1:  4.5 kg Pu Ingot, varying H/D   (2)
wval1:  4500 g Pu metal,  H/D = 1
c reflected 1 inch water radially, 
c 0.25 in steel bottom
c
1 1 -19.860000  -1           imp:n=1

11 3 -1.0       +1 -11       imp:n=1
14 6 -7.92     -30          imp:n=1
15 0             +11 +30 -20  imp:n=1
20 0 +20                      imp:n=0

1  rcc 0 0 0       0 0 6.607662 3.303831
11  rcc 0 0 0       0 0 6.607662 5.843831
20  rcc 0 0 -2.54   0 0 91.44     91.44
30  rcc 0 0 -0.635  0 0 0.635     76.20

kcode 10000 1.0 50 250
ksrc 0 0 3.303831
m1  94239.80c 1
m3   1001.80c 0.66667    8016.80c 0.33333 
mt3  lwtr.20t
m6  24050.80c 0.000757334

24052.80c 0.014604423 
24053.80c 0.001656024 
24054.80c 0.000412220 
26054.80c 0.003469592 
26056.80c 0.054465174 
26057.80c 0.001257838 
26058.80c 0.000167395 
25055.80c 0.00174 
28058.80c 0.005255537 
28060.80c 0.002024423 
28061.80c 0.000088000 
28062.80c 0.000280583 
28064.80c 0.000071456

prdmp 9e9 9e9 1 9e9 

wval1p:  4500 g Pu metal, various H/D
c reflected 1 inch water radially, 
c 0.25 in steel bottom
c
c   V = H pi R**2 = (H/D) 2pi R**3
c   R = (V/(2pi H/D)**1/3
c
c @@@  HD     = 0.5  1.0  1.5  2.0  2.5  3.0 
c
c @@@  PI     = 3.141592654
c @@@  VOL_PU = ( 4500. / 19.86 )
c @@@  R_PU   = ( (VOL_PU/(2*PI*HD))**(1/3) )
c @@@  H_PU   = ( 2*R_PU*HD )
c @@@  R_H2O  = ( R_PU + 2.54 )
c @@@  KSRC_Z = ( H_PU * 0.5 )
c
c Pu cylinder:
c      mass       = 4500 g
c      density    = 19.86 g/cc
c      volume     = VOL_PU
c      radius Pu = R_PU
c      height Pu = H_PU
c      H/D        = HD
c H2O  outer radius = R_H2O
c

1   1 -19.860000   -1           imp:n=1
11   3 -1.0         +1 -11       imp:n=1
14   6 -7.92        -30          imp:n=1
15   0              +11 +30 -20  imp:n=1
20   0              +20          imp:n=0

1  rcc 0 0 0          0 0 H_PU   R_PU 
11  rcc 0 0 0          0 0 H_PU   R_H2O
20  rcc 0 0 -2.540000  0 0 91.44  91.44
30  rcc 0 0 -0.635000  0 0 0.635  76.20

kcode 10000 1.0 50 250
ksrc 0. 0. KSRC_Z

c
………………… etc.
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Example 1:  4.5 kg Pu Ingot, varying H/D   (3)

• Parameter study using mcnp_pstudy, whisper_mcnp, & whisper_usl:

mcnp_pstudy.pl -i wval1p.txt  -whisper

use mcnp_pstudy to create inp files
inp_case001, inp_case002, … inp_case_006

whisper_mcnp.pl inp_case*

use whisper_mcnp to run mcnp6 for each case &
produce keff & sensitivity profile tallies

items in green are for class demo, so that cases run quickly,
& should not be used for serious work

-neutrons 10000  -discard 50 -cycles 250  -threads 4 

whisper_usl.pl

use whisper_usl to run Whisper & determine USL for each case
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wval1, H/D = 1
mcnp6  i=wval1.txt

k = 0.83491 (41)

wval1p,  varying H/D
mcnp_pstudy -i wval1p.txt  -setup  -run

HD=0.5  case001 KEFF    7.87229E-01     KSIG    4.09191E-04
HD=1.0  case002 KEFF    8.34430E-01     KSIG    4.20175E-04
HD=1.5  case003 KEFF    8.29652E-01     KSIG    4.19130E-04
HD=2.0  case004 KEFF    8.11958E-01     KSIG    4.18723E-04
HD=2.5  case005 KEFF    7.93676E-01     KSIG    4.63720E-04
HD=3.0  case006 KEFF    7.73434E-01     KSIG    4.19664E-04

Example 1:  4.5 kg Pu Ingot, varying H/D   (4)
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pu-met-fast-044-003.i     0.9896      0.7926
pu-met-fast-044-004.i     0.9894      0.7867
pu-met-fast-044-002.i     0.9887      0.7646
pu-met-fast-029-001.i     0.9867      0.7006
pu-met-fast-021-002.i     0.9865      0.6966
pu-met-fast-011-001.i     0.9848      0.6430
pu-met-fast-030-001.i     0.9845      0.6328
pu-met-fast-031-001.i     0.9844      0.6284
pu-met-fast-042-004.i    0.9823      0.5620
pu-met-fast-042-006.i     0.9820      0.5543
pu-met-fast-021-001.i     0.9815      0.5387
pu-met-fast-042-003.i     0.9813      0.5304
pu-met-fast-042-007.i     0.9812      0.5301
pu-met-fast-042-005.i     0.9809      0.5189
pu-met-fast-042-009.i    0.9808      0.5153
pu-met-fast-042-008.i  0.9807      0.5119
pu-met-fast-042-010.i     0.9802      0.4971
pu-met-fast-042-012.i     0.9802      0.4959
pu-met-fast-042-011.i     0.9800      0.4908
pu-met-fast-042-002.i     0.9799      0.4873
pu-met-fast-042-015.i     0.9795      0.4759
pu-met-fast-042-013.i     0.9794      0.4707
pu-met-fast-042-014.i     0.9793      0.4690
pu-met-fast-027-001.i     0.9752      0.3389
pu-met-fast-042-001.i     0.9748      0.3267
pu-met-fast-044-001.i     0.9743      0.3134
pu-met-fast-018-001.i     0.9741      0.3057
mix-met-fast-007-022.i    0.9733      0.2819
pu-met-fast-003-103.i     0.9714      0.2215
mix-met-fast-007-023.i    0.9709      0.2041
mix-met-fast-001-001.i    0.9675      0.0979
pu-met-fast-045-005.i     0.9668      0.0777
pu-met-fast-032-001.i     0.9644      0.0015

calc data unc baseline   k(calc)
application          margin    (1-sigma)   USL         > USL
ingot.txt_1_in 0.01441  0.00076     0.97862 -0.14366

Benchmark population   =   44
Population weight      =  25.38028
Maximum similarity     =   0.99621

Bias =   0.00858
Bias uncertainty       =   0.00583
Nuc Data uncert margin =   0.00076
Software/method margin =   0.00500
Non-coverage penalty   =   0.00000

benchmark               ck weight
pu-met-fast-036-001.i  0.9962      1.0000
pu-met-fast-022-001.i       0.9957      0.9850
pu-met-fast-024-001.i   0.9956      0.9813
pu-met-fast-001-001.i 0.9940      0.9319
pu-met-fast-023-001.i  0.9937      0.9207
pu-met-fast-039-001.i  0.9932      0.9069
mix-met-fast-009-001.i    0.9923      0.8774
pu-met-fast-044-005.i   0.9917      0.8598
pu-met-fast-035-001.i     0.9913      0.8449
pu-met-fast-025-001.i  0.9902      0.8117
pu-met-fast-009-001.i          0.9898      0.7976

Traditional Validation Results: 
USL  =  0.99-MOS-AoA  =  0.97 - AoA

Example 1:  4.5 kg Pu Ingot, varying H/D   (5)

MCNP6-Whisper Results
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Example 2 
–

4.5 kg Pu Annulus, 
varying H & Rin
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• Establishing Subcriticality – ANSI/ANS-8.1
mass subcritical limits apply to a single piece
having no concave surfaces. 
–Does SPSL apply to a ring with concave surfaces?

• Is annular cylinder validated geometry?

• How can this be established; what benchmarks include this geometry? Are these 
benchmarks similar to the ring?

Example  2:  4.5 kg Pu Annulus, varying H & Rin (1)

From a 
typical

traditional
validation

report
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Example 2:  4.5 kg Pu Annulus, varying H & Rin (2)

• 4.5 kg Pu-239 right-circular cylinder, hollow 
• Pu density = 19.86 g/cm3

• Reflected radially with 1 inch of water
• Reflected on the bottom with ¼ inch steel

• Set the height to be same as solid cylinder
with height-to-diameter (H/D) = 1.0, 2.0, 3.0 

• For given height, vary inner radius over 0+ - 2 cm

– Start with wval2.txt input
mcnp6   i=wval2.txt  

– Copy wval2.txt to wval2p.txt, then insert directives for mcnp_pstudy
• Define list for solid  HD:

c @@@ HD =  1.0  2.0  3.0

• For a given H/D, compute Pu height
• Define list for inner radius  RIN_PU 

c @@@ RIN_PU =  0.001  0.5  1.0  2.0

• Then other dimensions & source

Solid cylinder

V = (Pu mass) (Pu density)

V = HπR 2 = (H/D) ⋅ 2πR 3

H = 4V (H/D)2 π⎡⎣ ⎤⎦
1/3

Hollow cylinder

V = Hπ (R
out

2 −R
in

2 )

R
out

= R
in

2 +V πH⎡⎣ ⎤⎦
1/2
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Example 2:  4.5 kg Pu Annulus, varying H & Rin (3)
wval2: 4500 g Pu metal ring, fixed Rin

1   3 -1.0         -1            imp:n=1
2   1 -19.860000   +1 -2         imp:n=1

11   3 -1.0         +2 -11        imp:n=1
14   6 -7.92        -30           imp:n=1
15   0              +11 +30 -20   imp:n=1
20   0              +20           imp:n=0

1 rcc 0 0 0      0 0  6.608 0.100000
2 rcc 0 0 0      0 0  6.608 3.305259

11 rcc 0 0 0      0 0  6.608 5.845259
20 rcc 0 0 -2.540 0 0 91.44  91.44
30 rcc 0 0 -0.635  0 0 0.635  76.20

kcode 10000 1.0 50 250
sdef pos=0 0 0  rad=d1 axs=0 0 1  ext=d2
si1  0.100  3.305259
sp1  -21 1
si2  0.0   6.60800
sp2  0   1

m1   94239.80c 1
m3   1001.80c 0.66667  8016.80c 0.33333 
mt3  lwtr.20t
m6   24050.80c 0.000757334

24052.80c 0.014604423 
24053.80c 0.001656024 
24054.80c 0.000412220 
26054.80c 0.003469592 
26056.80c 0.054465174 
26057.80c 0.001257838 
26058.80c 0.000167395 
25055.80c 0.00174 
28058.80c 0.005255537 
28060.80c 0.002024423 
28061.80c 0.000088000 
28062.80c 0.000280583 
28064.80c 0.000071456

prdmp 9e9 9e9 1 9e9 

wval2p: 4500 g Pu metal ring, various H & Rin
c
c @@@  PI     = 3.141592654
c @@@  VOL_PU = ( 4500. / 19.86 )
c      Pu mass    = 4500 g
c      Pu density = 19.86 g/cc
c      Pu volume  = VOL_PU
c
c set height to match ingot with various H/D
c @@@  HD     =  1.0  2.0  3.0
c @@@  HEIGHT = ( (4*VOL_PU*(HD**2)/PI)**(1/3) )
c
c for hollow cylinder:
c   use same height as for solid ingot
c   set various inner radii
c   set Rout for given height, mass, Rin
c @@@  RIN_PU = .001  0.5  1.0  2.0  
c @@@  ROUT_PU=(sqrt(RIN_PU**2+VOL_PU/(PI*HEIGHT)))
c @@@  ROUT_H2O = ( OUTER_PU + 2.54 )
c

1   3 -1.0         -1            imp:n=1
2   1 -19.860000   +1 -2         imp:n=1

11   3 -1.0         +2 -11        imp:n=1
14   6 -7.92        -30           imp:n=1
15   0              +11 +30 -20   imp:n=1
20   0              +20           imp:n=0

1  rcc 0 0 0        0 0  HEIGHT  RIN_PU
2  rcc 0 0 0        0 0  HEIGHT  ROUT_PU

11  rcc 0 0 0        0 0 HEIGHT  ROUT_H2O
20  rcc 0 0 -2.540   0 0 91.44    91.44
30  rcc 0 0 -0.635   0 0 0.635    76.20

kcode 10000 1.0 50 250
sdef pos= 0. 0. 0.   rad=d1  axs=0 0 1  ext=d2
si1  RIN_PU  ROUT_PU
sp1  -21 1
si2  0 HEIGHT
sp2  0  1

…………… etc.
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Example 2:  4.5 kg Pu Annulus, varying H & Rin (4)

• Parameter study using mcnp_pstudy, whisper_mcnp, & whisper_usl:

mcnp_pstudy.pl -i wval2p.txt  -whisper

use mcnp_pstudy to create inp files
inp_case001, inp_case002, …, inp_case_012

whisper_mcnp.pl inp_case*

use whisper_mcnp to run mcnp6 for each case &
produce keff & sensitivity profile tallies

items in green are for class demo, so that cases run quickly,
& should not be used for serious work

-neutrons 10000  -discard 50  -cycles 250  -threads 4

whisper_usl.pl

use whisper_usl to run Whisper & determine USL for each case
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wval2
mcnp6  i=wval2.txt

k = 0.83413 (42)
wval2p

mcnp_pstudy -i wval2p.txt   
-setup   -run

HD=1 Rin=.001 case001 KEFF    8.34752E-01  4.35668E-04
HD=2 Rin=.001 case002 KEFF    8.12612E-01  4.09516E-04
HD=3 Rin=.001 case003 KEFF    7.72725E-01  3.82627E-04
HD=1 Rin=0.5  case004 KEFF    8.20432E-01  4.01135E-04
HD=2 Rin=0.5  case005 KEFF    7.95375E-01  4.60388E-04
HD=3 Rin=0.5 case006 KEFF    7.54174E-01  3.96580E-04
HD=1 Rin=1.0  case007 KEFF    7.88497E-01  3.95026E-04
HD=2 Rin=1.0  case008 KEFF    7.62394E-01  3.90299E-04
HD=3 Rin=1.0  case009 KEFF    7.20810E-01  4.27354E-04
HD=1 Rin=2.0  case010 KEFF    7.21523E-01  4.02775E-04
HD=2 Rin=2.0  case011 KEFF    6.97954E-01  4.88269E-04
HD=3 Rin=2.0 case012 KEFF    6.64037E-01  4.88326E-04

Example 2:  4.5 kg Pu Annulus, varying H & Rin (5)
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MCNP6-Whisper Results

benchmark                 ck weight
pu-met-fast-044-002.i       0.9876      0.7587
pu-met-fast-031-001.i       0.9875      0.7561
pu-met-fast-021-002.i       0.9867      0.7284
pu-met-fast-042-002.i       0.9863      0.7158
pu-met-fast-042-004.i       0.9862      0.7124
pu-met-fast-042-003.i       0.9861      0.7104
pu-met-fast-001-001.i       0.9859      0.7051
mix-met-fast-009-001.i      0.9854      0.6873
pu-met-fast-035-001.i       0.9851      0.6798
pu-met-fast-009-001.i       0.9846      0.6633
pu-met-fast-042-006.i       0.9843      0.6536
pu-met-fast-042-005.i      0.9840      0.6446
pu-met-fast-042-007.i       0.9833      0.6237
pu-met-fast-042-001.i       0.9833      0.6230
pu-met-fast-025-001.i       0.9829      0.6103
pu-met-fast-042-008.i       0.9825      0.5980
pu-met-fast-027-001.i       0.9825      0.5975
pu-met-fast-042-009.i       0.9821      0.5843
pu-met-fast-042-010.i       0.9815      0.5667
pu-met-fast-042-011.i       0.9811      0.5543
pu-met-fast-042-012.i       0.9808      0.5435
pu-met-fast-042-013.i       0.9800      0.5202
pu-met-fast-042-014.i       0.9799      0.5175
pu-met-fast-042-015.i       0.9799      0.5159
pu-met-fast-030-001.i       0.9782      0.4626
pu-met-fast-021-001.i       0.9780      0.4560
pu-met-fast-029-001.i       0.9777      0.4468
pu-met-fast-044-001.i       0.9743      0.3409
pu-met-fast-018-001.i       0.9720      0.2678
mix-met-fast-007-022.i      0.9690      0.1754
mix-met-fast-007-023.i      0.9655      0.0635
pu-met-fast-045-005.i       0.9653      0.0586

calc data unc    baseline   k(calc)
application            margin     (1-sigma)   USL         > USL
ringhd2.txt_0.4_in     0.01464    0.00075     0.97840 -0.17760

Benchmark population   =   41
Population weight      =  25.47164
Maximum similarity     =   0.99532

Bias =   0.00836
Bias uncertainty       =   0.00628
Nuc Data uncert margin =   0.00075
Software/method margin =   0.00500
Non-coverage penalty   =   0.00000

benchmark                  ck weight
pu-met-fast-036-001.i       0.9953      1.0000
pu-met-fast-024-001.i       0.9941      0.9608
pu-met-fast-044-005.i       0.9933      0.9360
pu-met-fast-011-001.i       0.9928      0.9196
pu-met-fast-044-004.i       0.9925      0.9117
pu-met-fast-044-003.i       0.9898      0.8275
pu-met-fast-023-001.i       0.9890      0.8020
pu-met-fast-022-001.i       0.9886      0.7898
pu-met-fast-039-001.i       0.9884      0.7823

Traditional Validation Results: 
USL  =  0.99-MOS-AoA  =   0.97 - AoA

Example 2:  4.5 kg Pu Annulus, varying H & Rin (6)

Benchmarks are the same as those 
for the ingot in example 1
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Example 3 
–

4.5 kg Pu-NaCl Mixture
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Example 3:   4.5 kg Pu-NaCl Mixture (1)

• 4.5 kg Pu (0) sphere mixed with variable amounts (0-2 kg) of NaCl

• Reflected with 1 inch of water

• Density of Pu = 19.86 g/cm3

• Density of NaCl = 1.556 g/cm3

• Run commands:

mcnp_pstudy -i wval3p.txt  -whisper
whisper_mcnp.pl inp_case*
whisper_usl.pl

For whisper_mcnp.pl,  these (nondefault) options are used for class:
-neutrons 10000 -discard 50 -cycles 250  -threads 4
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wval3p:  Pu mixed with NaCl
c @@@      PI = 3.141592654
c @@@ PU_MASS   = 4500
c @@@ PU_VOL    = ( PU_MASS / 19.86 )
c @@@ NACL_MASS = 1.e-6  500 1000 1500 2000
c @@@ NACL_VOL  = ( NACL_MASS / 1.556 )
c
c   Pu mass = PU_MASS g
c   NaCl mass = NACL_MASS g
c   Pu density (pure) = 19.86 g/cc
c   NaCl density (pure) = 1.556 g/cc
c
c @@@ VOLUME      = ( PU_VOL  + NACL_VOL  )
c @@@ MASS        = ( PU_MASS + NACL_MASS )
c @@@ DENSITY     = ( -MASS/VOLUME )
c @@@ DENSITY_PU  = ( PU_MASS/VOLUME )
c     Pu density  = DENSITY_PU g/cc
c @@@ RADIUS      = ( (0.75*VOLUME/PI)**(1/3) )
c @@@ OUTER_H2O   = ( RADIUS + 2.54 )
c
c @@@ A11023 = 22.98976928
c @@@ A17035 = ( 34.96885268 * 0.7576 )
c @@@ A17037 = ( 36.96590259 * 0.2424 )
c @@@ A_NACL = ( A11023 + A17035 + A17037 )
c
c @@@ MF94239 = ( -PU_MASS/MASS ) 
c @@@ MF11023 = ( -NACL_MASS*(A11023/A_NACL)/MASS ) 
c @@@ MF17035 = ( -NACL_MASS*(A17035/A_NACL)/MASS ) 
c @@@ MF17037 = ( -NACL_MASS*(A17037/A_NACL)/MASS ) 
c
1   4 DENSITY -1    imp:n=1
2   1 -1.0        +1 -2 imp:n=1
20   0             +2    imp:n=0

1  so   RADIUS
2  so   OUTER_H2O

kcode 10000 1.0 50 250
sdef pos=0 0 0  rad=d1 
si1  0  RADIUS
sp1  -21 2
m1    1001.80c 2     8016.80c 1 
mt1   lwtr.20t
m4    94239.80c  MF94239

11023.80c  MF11023
17035.80c  MF17035
17037.80c  MF17037

prdmp 9e9 9e9 1 9e9

wval3:  Study of Pu mixed with NaCl
c
1   4 -6.163863   -1    imp:n=1
2   1 -1.0        +1 -2 imp:n=1

20   0             +2    imp:n=0

1 sph 0 0 0   5.98941813698262 
2 sph 0 0 0   8.52941813698262

kcode 10000 1.0 150 500
sdef pos=0 0 0  rad=d1 
si1  0  5.989
sp1  -21 2

c
m1    1001.80c 2     8016.80c 1 
mt1   lwtr.20t
m4    94239.80c -0.81117881

11023.80c -0.07427730 
17035.80c -0.08561650 
17037.80c -0.02893221

Example 3:   4.5 kg Pu-NaCl Mixture   (2)



Sensitivity-Uncertainty Techniques for Nuclear Criticality Safety LA-UR-17-27058 201

MCNP6-Whisper Results

Example 3:   4.5 kg Pu-NaCl Mixture   (3)
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MCNP6-Whisper Results
USL baseline = .979

Benchmark population =   46
Benchmark weight =   25.75745
Benchmark similarity =   0.99245

Bias =   0.00796
Bias uncertainty =   0.00682
Nuc Data =   0.0012
Software/method margin =   0.005
Non-coverage penalty =   0

benchmark ck weight
pu-met-fast-011-001.i 0.9924 1
pu-met-fast-044-004.i 0.9842 0.8636
pu-met-fast-042-001.i 0.9831 0.8448
pu-met-fast-042-002.i 0.9828 0.8396
pu-met-fast-044-005.i 0.9827 0.8377
pu-met-fast-027-001.i 0.981 0.8107
pu-met-fast-036-001.i 0.9805 0.8018
pu-met-fast-042-003.i 0.9802 0.7965
pu-met-fast-031-001.i 0.9792 0.7798
pu-met-fast-042-004.i 0.9787 0.7727
pu-met-fast-024-001.i 0.978 0.7604
pu-met-fast-044-003.i 0.9768 0.7401
pu-met-fast-042-005.i 0.9757 0.7213
pu-met-fast-042-006.i 0.9746 0.7039
pu-met-fast-021-002.i 0.9737 0.6893

*bold indicates same benchmark selected for Pu ingot

pu-met-fast-044-002.i 0.9734 0.6832
pu-met-fast-042-007.i 0.9734 0.6832
pu-met-fast-042-008.i 0.9722 0.6645
pu-met-fast-042-009.i 0.9709 0.6426
pu-met-fast-042-010.i 0.9705 0.6356
pu-met-fast-042-011.i 0.9699 0.6257
pu-met-fast-023-001.i 0.9691 0.6133
pu-met-fast-042-012.i 0.9687 0.6054
pu-met-fast-039-001.i 0.9683 0.5993
pu-met-fast-042-014.i 0.9681 0.5961
pu-met-fast-042-013.i 0.9681 0.5959
pu-met-fast-042-015.i 0.9676 0.587
pu-met-fast-022-001.i 0.9644 0.534
pu-met-fast-009-001.i 0.964 0.5284
pu-met-fast-035-001.i 0.9629 0.5093
mix-met-fast-009-001.i 0.9618 0.4919
pu-met-fast-044-001.i 0.9612 0.482
pu-met-fast-001-001.i 0.9602 0.4653
pu-met-fast-025-001.i 0.9593 0.4499
pu-met-fast-021-001.i 0.9588 0.4424
pu-met-fast-030-001.i 0.9559 0.3941
pu-met-fast-018-001.i 0.9555 0.3863
pu-met-fast-029-001.i 0.951 0.3115
pu-met-fast-045-005.i 0.9509 0.3097
mix-met-fast-007-022.i 0.9496 0.2897
mix-met-fast-007-023.i 0.9448 0.2093
pu-met-fast-019-001.i 0.9421 0.1637
pu-met-fast-038-001.i 0.9384 0.1032
mix-met-fast-001-001.i 0.9374 0.0871
pu-met-fast-040-001.i 0.9355 0.055
pu-met-fast-003-103.i 0.9352 0.0505

Traditional Validation Results: 
USL =  0.99-MOS-AoA  =  0.97 – AoA

Example 3:   4.5 kg Pu-NaCl Mixture   (4)
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Example 4 
–

4.5 kg Pu Sphere,
Ta Reflector, various thicknesses
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Example 4: Ta-reflected Pu

• Reflection: Ta
– Is Ta validated as a reflector in the AoA?
– What can be done to answer this question and, if needed, possibly 

extend AoA?

• CSSG Response on Validation with Limited Benchmark Data:
“For those situations where a nuclide is determined to be important and limited 
data exist, validation may still be possible. However, an additional margin should 
be used to compensate for the limited data. This margin is separate from, and in 
addition to, any margin needed for extending the benchmark applicability to the 
validation. Sensitivity and uncertainty tools may be used as part of the technical 
basis for determining the magnitude of the margin.”

From a 
typical

traditional
validation

report
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Example 4:  4.5 kg Pu Sphere, Ta-reflected   (1)

• 4.5 kg Pu-239 sphere 
• Pu density = 19.8  g/cm3

• Reflected radially with Ta

• Vary the Ta-reflector thickness 
over the range  0.+ – 30.  cm

– Start with wval4.txt, input for thickness=7.62
mcnp6   i=wval4.txt  

– Copy wval4.txt to wval4p.txt, then insert directives for mcnp_pstudy
• Define list for thickness:

c @@@ THICK =  0.01  5.  10.  15.  20.  25.  30.

• For a given THICK, compute reflector Rin & Rout 
• Use parameters for dimensions & location of KSRC point
• Run:

mcnp_pstudy.pl -i wval4p.txt  -whisper
whisper_mcnp.pl inp_case*
whisper_usl.pl
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Example 4:  4.5 kg Pu Sphere, Ta-reflected   (2)
wval4:  Study of Pu reflected with Ta
c
c  Pu mass    = 4500 g
c  Pu density = 19.8 g/cc
c  Pu volume  = 227.272727
c
c  reflector definition:
c    reflector thickness    = 7.62 
c    reflector inner radius = 3.7857584
c    reflector outer radius = 11.405758
c

1   4 -19.80  -1        imp:n=1 
2   1 -16.69  +1 -2     imp:n=1

20   0         +2        imp:n=0

1 so  3.7857584
2 so  11.405758

kcode 10000 1.0 50 250
sdef pos=0 0 0  rad=d1  
si1  0 3.78
sp1  -21 2

c
m1  73180.80c 0.00012   73181.80c 0.99988
m4  94239.80c 1
prdmp 9e9 9e9 1 9e9

wval4p:  Study of Pu reflected with Ta
c
c  Pu mass    = 4500 g
c  Pu density = 19.8 g/cc
c  Pu volume  = 227.272727
c
c  vary reflector thickness from 0+ to 30 cm
c
c  @@@  THICK   = .01  5. 10. 15. 20. 25. 30.
c  @@@  R_INNER = 3.7857584
c  @@@  R_OUTER = ( R_INNER + THICK )
c
c  reflector definition:
c    reflector thickness    = THICK cm
c    reflector inner radius = R_INNER cm
c    reflector outer radius = R_OUTER cm
c

1   4 -19.80  -1        imp:n=1 
2   1 -16.69  +1 -2     imp:n=1

20   0         +2        imp:n=0

1 so    R_INNER
2 so    R_OUTER

kcode 10000 1.0 50 250
sdef pos=0 0 0 rad=d1
si1  0  R_INNER
sp1  -21 2

c
m1  73180.80c 0.00012   73181.80c 0.99988
m4  94239.80c 1
prdmp 9e9 9e9 1 9e9
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wval4,  thick=7.62
mcnp6  i=wval4.txt

k = 0.94638 (41)

wval4p,  varying thick
mcnp_pstudy -i wval4p.txt   -setup   -run

T=.01   case001 KEFF    7.91693E-01     KSIG    3.14948E-04
T=5.0   case002 KEFF    9.27157E-01     KSIG    4.47334E-04
T=10.   case003 KEFF    9.54775E-01     KSIG    4.11031E-04
T=15.   case004 KEFF    9.61644E-01     KSIG    4.34033E-04
T=20.   case005 KEFF    9.62867E-01     KSIG    4.37235E-04
T=25.   case006 KEFF    9.63899E-01     KSIG    4.04508E-04
T=30.   case007 KEFF    9.63160E-01     KSIG    4.27633E-04

Example 4:  4.5 kg Pu Sphere, Ta-reflected   (3)
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Example 4: Ta-reflected Pu

MCNP6 and Whisper Results
calc data unc    baseline k(calc)

application              margin    (1-sigma)   USL         > USL
tarefl.txt_7.62_in      0.01707   0.01502     0.93889 0.00750

Benchmark population   =  119
Population weight      =  60.92464
Maximum similarity     =   0.64075

Bias =   0.00912
Bias uncertainty =   0.00795
Nuc Data uncert margin =   0.01502
Software/method margin =   0.00500
Non-coverage penalty   =   0.00000

benchmark                          ck weight
pu-met-fast-045-006.i          0.6408 1.0000
pu-met-fast-045-004.i          0.6400      0.9986
pu-met-fast-045-003.i          0.6368      0.9926
pu-met-fast-045-002.i          0.6297      0.9796
pu-met-fast-045-007.i          0.6259      0.9725
pu-met-fast-045-001.i          0.6213      0.9641
pu-met-fast-045-005.i          0.5469      0.8270
pu-met-fast-023-001.i          0.4203      0.5937
pu-met-fast-039-001.i          0.4201      0.5935

benchmark                 ck weight

mix-met-fast-009-001.i   0.4193      0.5919
pu-met-fast-009-001.i 0.4190      0.5914
pu-met-fast-035-001.i    0.4189      0.5913
pu-met-fast-022-001.i    0.4185      0.5904
pu-met-fast-025-001.i   0.4183      0.5900
pu-met-fast-036-001.i    0.4180      0.5896
pu-met-fast-001-001.i   0.4180      0.5895
pu-met-fast-021-002.i    0.4176      0.5887
pu-met-fast-030-001.i    0.4171      0.5879
pu-met-fast-024-001.i    0.4171      0.5878
pu-met-fast-021-001.i    0.4165      0.5867
pu-met-fast-044-003.i 0.4164      0.5866
pu-met-fast-044-005.i    0.4162      0.5863
pu-met-fast-044-002.i   0.4160      0.5858
pu-met-fast-029-001.i    0.4155      0.5850
pu-met-fast-044-004.i    0.4146      0.5832
pu-met-fast-003-103.i    0.4141      0.5823
pu-met-fast-042-015.i    0.4134      0.5811
pu-met-fast-042-012.i    0.4134      0.5811
mix-met-fast-007-022.i   0.4134      0.5811
pu-met-fast-042-011.i  0.4134      0.5810
pu-met-fast-042-009.i    0.4134      0.5810
pu-met-fast-042-013.i    0.4133      0.5808
pu-met-fast-042-014.i  0.4133      0.5808
pu-met-fast-042-010.i   0.4133      0.5808
pu-met-fast-042-007.i    0.4132      0.5807
pu-met-fast-018-001.i    0.4132      0.5806
pu-met-fast-042-006.i    0.4131      0.5806
pu-met-fast-042-008.i    0.4131      0.5805
…….

Traditional Validation Results: 
USL  =  0.99-MOS-AoA   =   0.97 – AoA

Trouble !
Benchmarks are 
not very similar 
to application

Run using all 1101 Whisper benchmarks,
not just 246 benchmarks for class



Sensitivity-Uncertainty Techniques for Nuclear Criticality Safety LA-UR-17-27058 209

Example 4: Ta-reflected Pu

• None of the benchmarks appear to 
have the same neutronics as the 
application

– Largest Ck in the Whisper example 
output is 0.64 – very low

– Guidance from ORNL Scale/Tsunami 
developers:

0.95 < Ck à great
0.90 < Ck < 0.95 à good

Ck < 0.90 à not so good

– If all Ck’s are low, there is a need to 
expand the benchmark suite, add 
similar benchmarks

– If no similar benchmarks, need extra 
analysis, analyst judgment, & margin

wval4, with 3” Ta

pu-met-fast-045-006

𝛎𝝨F𝝓(u)  vs u

– The current benchmark suite for 
Whisper was focused on main needs 
for LANL validation,  few 
benchmarks with Ta

– Need to find more benchmarks with 
Ta reflector & add to Whisper suite,     
if Ta-reflected applications are 
expected
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Example 5 
–

4.5 kg Pu Sphere,
Oil moderated



Sensitivity-Uncertainty Techniques for Nuclear Criticality Safety LA-UR-17-27058 211

• Is Pu moderated with oil included in validation AoA?
– If not, what can be done?

– Does the calculation model fit within the area of applicability of the 
benchmark critical experiments used for the code validation? 

– For systems which are outside the validation applicability, an AoA margin 
may be warranted, depending on the specific problem being analyzed. 

– The resulting USL with an AoA margin is defined as
USL = 1.0 + (bias) – (bias uncertainty) – (margin of subcriticality) – (AoA margin)

Example 5:   Oil-Moderated Pu

From a 
typical

traditional
validation

report
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• MCNP6 Input

• 4.5 kg Pu (0) sphere mixed with 
variable amounts of Hydraulic oil

• Pu concentration range: 
-19.8 g Pu/cm3

• Hydraulic oil composition: 
C40H33O4Cl6P

• Hydraulic oil density: 
0.871 g/cm3

• Reflected with 1 inch of water

Pu mixed with hydraulic oil
c
1   4 -1.827099 -1    imp:n=1
2  1 -1.0     +1 -2 imp:n=1
20 0             +2    imp:n=0

1  so 10.2417609488294
2  so 12.7817609488294

kcode 10000 1.0 150 500
ksrc 0 0 0
c
m1 1001.80c 2

8016.80c 1
mt1 lwtr.20t
m4 94239.80c  -0.54731523

1001.80c  -0.01821054722413
6000.80c  -0.264852020155431
8016.80c  -0.0352799376428247

15031.80c -0.0170753227802324
17035.80c -0.0876520545992508
17037.80c -0.0296143373586584

Example 5:   Oil-Moderated Pu
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• MCNP6 and Whisper Results

Example 5:   Oil-Moderated Pu
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MCNP6 and Whisper Results

pu-comp-mixed-002-001.i   0.9388      0.7502
pu-met-fast-042-005.i     0.9373      0.7353
pu-comp-mixed-002-002.i   0.9344      0.7077
pu-met-fast-042-006.i     0.9344      0.7069
pu-met-fast-042-007.i    0.9320      0.6840
pu-met-fast-036-001.i     0.9310      0.6736
pu-met-fast-044-003.i    0.9307      0.6714
pu-met-fast-042-008.i    0.9303      0.6673
pu-met-fast-024-001.i   0.9277      0.6417
pu-met-fast-042-009.i    0.9271      0.6360
pu-met-fast-042-010.i   0.9268      0.6327
pu-comp-mixed-002-003.i  0.9267      0.6315
pu-met-fast-042-011.i     0.9255      0.6198
pu-met-fast-042-012.i     0.9228      0.5943
pu-met-fast-044-002.i   0.9224      0.5899
pu-met-fast-042-014.i  0.9224      0.5896
pu-met-fast-042-013.i 0.9222      0.5881
pu-met-fast-042-015.i    0.9209      0.5752
pu-comp-mixed-002-004.i 0.9191      0.5574
pu-met-fast-021-002.i   0.9184      0.5506
pu-met-fast-044-001.i    0.9145      0.5128
pu-met-fast-023-001.i    0.9046      0.4156
pu-met-fast-039-001.i   0.9031      0.4015
pu-comp-mixed-002-005.i  0.9030      0.3999
pu-met-fast-018-001.i    0.9008      0.3782
pu-met-fast-021-001.i  0.8989      0.3598
pu-met-fast-009-001.i   0.8985      0.3564
pu-met-fast-016-001.i    0.8965      0.3364
pu-met-fast-045-005.i    0.8954      0.3259

…….

calc data unc baseline  k(calc)
application          margin    (1-sigma) USL      > USL
puoilmix.txt_7_in 0.01477   0.00109   0.97739 -0.41445

Benchmark population   =   65
Population weight      =  28.56693
Maximum similarity     =   0.96433

Bias =   0.00720
Bias uncertainty =   0.00757
Nuc Data uncert margin =   0.00109
Software/method margin =   0.00500
Non-coverage penalty   =   0.00000

benchmark                   ck weight
pu-met-fast-042-001.i       0.9643      1.0000
pu-met-fast-011-001.i       0.9641      0.9973
pu-met-fast-027-001.i       0.9580      0.9377
pu-met-fast-042-002.i       0.9561      0.9199
pu-met-fast-042-003.i       0.9483      0.8436
pu-met-fast-044-004.i       0.9474      0.8343
pu-met-fast-042-004.i       0.9444      0.8048
pu-met-fast-031-001.i       0.9425      0.7861
pu-met-fast-044-005.i       0.9404      0.7658

Traditional Validation Results: 
USL =  0.99-MOS-AoA  =   0.97 - AoA

Example 5:   Oil-Moderated Pu
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Example 6 
–

20 kg HEU Billet,
Reflected by graphite and 

Furnace insulation
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Ex 6:   HEU Cylinder with Graphite & Furnace Reflection

MCNP6 Input

• 20 kg HEU cylinder

• HEU density:
18.95 g/cm3

• Graphite density: 
2.25 g/cm3

• Furnace insulation 
density: 
Al2O3, 0.5 g/cm3

• Reflected with 15 cm 
graphite, followed by 15 
cm insulation

billet: g U metal billet
c reflected various thicknesses of graphite, 
c       2.25 g/cc CRC Handbook 68th Ed
c reflected various thicknesses of insulation Al2O3,
c        0.5 g/cc
c  V = h*pi*r^2 = h/d*2*pi*r^3
c  r = (V/(2piH/D)^(1/3)
c @@@  pi          = 3.141592654
c @@@  mass_u = 20000
c @@@  dens_u = 18.95
c @@@  thick_graph = 15
c @@@  thick_insul = 15
c @@@  vol_u = (mass_u/dens_u)
c @@@  hd = 1.0
c @@@  r_u         = ((vol_u /(2*pi*hd))**(1/3))
c @@@  h_u = (2*r_u*hd)
c @@@  r_graph = (r_u + thick_graph)
c @@@  r_insul = (r_u + thick_graph + thick_insul)
c @@@  ksrc_z = (h_u/2)
1    2   -18.95 -1      imp:n=1
10   1  -2.25   +1 -10  imp:n=1
20   3  -0.50   +10 -20 imp:n=1
30   0          +20 -30 imp:n=1
40   0          +30     imp:n=0

1 rcc 0 0 0 0 0 h_u r_u
10 rcc 0 0 0   0 0 h_u   r_graph
20 rcc 0 0 0   0 0 h_u   r_insul
30 rcc 0 0 -3   0 0 50    50 

kcode 10000 1.0 100 300
ksrc 0 0 ksrc_z
m1  6000.80c   1.0
mt1 grph.20t
m2 92235.80c -0.93 92238.80c -0.07
m3  8016.80c 0.6   13027.80c 0.4
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Ex 6:   HEU Cylinder with Graphite & Furnace Reflection
calc      data unc   baseline  k(calc)
margin    (1-sigma)  USL       > USL
0.01023   0.00104    0.98208 -0.12937

Benchmark population   =   64
Population weight      =  26.06175
Maximum similarity     =   0.98953 

Bias                    =   0.00600
Bias uncertainty        =   0.00423
Nuc Data uncert margin  =   0.00104
Software/method margin  =   0.00500
Non-coverage penalty    =   0.00000 

benchmark               ck        weight
heu-met-fast-084-004.i    0.9895      1.0000
heu-met-fast-041-003.i    0.9895      0.9993
heu-met-fast-084-023.i    0.9878      0.8775
heu-met-fast-019-001.i    0.9865      0.7800
heu-met-fast-020-002.i    0.9856      0.7194
heu-met-fast-084-001.i    0.9850      0.6748
heu-met-fast-084-017.i    0.9844      0.6315
heu-met-fast-078-025.i    0.9842      0.6183
heu-met-fast-100-001.i    0.9841      0.6131
heu-met-fast-041-004.i    0.9840      0.6063
heu-met-fast-100-002.i    0.9840      0.6041
heu-met-fast-084-015.i    0.9837      0.5794
heu-met-fast-089-001.i    0.9835      0.5638
heu-met-fast-084-011.i    0.9834      0.5602
heu-met-fast-001-001.i    0.9832      0.5439
heu-met-fast-022-002.i    0.9830      0.5324
heu-met-fast-078-027.i    0.9826      0.5022
heu-met-fast-051-002.i    0.9826      0.4993

benchmark           ck        weight
heu-met-fast-078-039.i   0.9825      0.4944
heu-met-fast-078-031.i   0.9825      0.4933
heu-met-fast-078-037.i   0.9824      0.4913
heu-met-fast-012-001.i   0.9824      0.4855
heu-met-fast-078-023.i   0.9823      0.4840
heu-met-fast-084-016.i   0.9823      0.4809
heu-met-fast-084-005.i   0.9823      0.4781
heu-met-fast-078-035.i   0.9821      0.4663
heu-met-fast-084-022.i   0.9821      0.4645
heu-met-fast-044-003.i   0.9818      0.4438
heu-met-fast-044-005.i   0.9818      0.4423
heu-met-fast-018-002.i   0.9815      0.4266
heu-met-fast-044-002.i   0.9814      0.4185
heu-met-fast-051-004.i   0.9814      0.4173
heu-met-fast-044-004.i   0.9814      0.4158
heu-met-fast-063-001.i   0.9811      0.3960
heu-met-fast-010-001.i   0.9810      0.3840
heu-met-fast-044-001.i   0.9808      0.3761
heu-met-fast-078-003.i   0.9808      0.3750
heu-met-fast-007-019.i   0.9807      0.3657
heu-met-fast-010-002.i   0.9806      0.3613
heu-met-fast-008-001.i   0.9806      0.3560
heu-met-fast-084-002.i   0.9804      0.3452
heu-met-fast-063-002.i   0.9803      0.3345
heu-met-fast-084-026.i   0.9802      0.3279
heu-met-fast-079-001.i   0.9801      0.3235
heu-met-fast-065-002.i   0.9796      0.2883
heu-met-fast-041-005.i   0.9796      0.2866
heu-met-fast-079-002.i   0.9794      0.2752
heu-met-fast-043-001.i   0.9794      0.2736
heu-met-fast-084-019.i   0.9794      0.2701
heu-met-fast-084-027.i   0.9793      0.2624
…
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Example 7 
–

20 kg HEU Cylinder,
Reflected by tantalum
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Example 7:   HEU Cylinder with Tantalum Reflection

MCNP6 Input

• 20 kg HEU cylinder

• HEU density:
18.95 g/cm3

• Tantalum density: 
16.65 g/cm3

• Tantalum reflector 
thickness: 
0 – 15 cm

• Reflected radially

billet: g U metal billet, various thick of Ta 
reflection
c
c  V = h*pi*r^2 = h/d*2*pi*r^3
c  r = (V/(2piH/D)^(1/3)
c
c @@@  pi          = 3.141592654
c @@@  mass_u = 20000
c @@@  dens_u = 18.95
c @@@  thick_ta = 0.001,2,4,6,8,10,15
c @@@  vol_u = (mass_u/dens_u)
c @@@  hd = 1.0
c @@@  r_u         = ((vol_u /(2*pi*hd))**(1/3))
c @@@  h_u = (2*r_u*hd)
c @@@  r_ta = (r_u + thick_ta)
c @@@  ksrc_z = (h_u/2)
c
c
1    2  -18.95 -1      imp:n=1
10   1  -16.65 +1 -10  imp:n=1
30   0          +10 -30 imp:n=1
40   0          +30     imp:n=0

1 rcc 0 0 0 0 0 h_u r_u
10 rcc 0 0 0   0 0 h_u   r_ta
30 rcc 0 0 -3   0 0 50    50 

kcode 10000 1.0 100 300
ksrc 0 0 ksrc_z
c
m1  73181.80c   1.0
c
m2 92235.80c -0.93 92238.80c -0.07
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Example 7:   HEU Cylinder with Tantalum Reflection
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Example 7:   HEU Cylinder with Tantalum Reflection

No Reflection
calc      data unc   baseline  k(calc)
margin    (1-sigma)  USL       > USL
0.01603   0.00119   0.97588 -0.24173

Benchmark population   =   57
Population weight      =  27.93047
Maximum similarity     =   0.97078

Bias                    =   0.00608
Bias uncertainty        =   0.00995
Nuc Data uncert margin  =   0.00119
Software/method margin  =   0.00500
Non-coverage penalty    =   0.00000 

benchmark              ck        weight
heu-met-fast-100-002.i   0.9708      1.0000
heu-met-fast-100-001.i   0.9707      0.9989
heu-met-fast-001-001.i   0.9707      0.9978
heu-met-fast-018-002.i   0.9672      0.8851
heu-met-fast-065-002.i   0.9665      0.8642
heu-met-fast-015-001.i   0.9663      0.8577
heu-met-fast-007-019.i   0.9662      0.8559
heu-met-fast-051-002.i   0.9657      0.8403
heu-met-fast-008-001.i   0.9643      0.7960
heu-met-fast-051-004.i   0.9630      0.7530
heu-met-fast-044-001.i   0.9628      0.7478
heu-met-fast-079-001.i   0.9624      0.7355
heu-met-fast-044-002.i   0.9621      0.7259
heu-met-fast-007-001.i   0.9620      0.7204
heu-met-fast-043-001.i   0.9613      0.7013
heu-met-fast-012-001.i   0.9611      0.6922
heu-met-fast-084-001.i   0.9602      0.6645
heu-met-fast-079-002.i   0.9600      0.6580

benchmark            ck        weight
heu-met-fast-044-003.i   0.9595      0.6430
heu-met-fast-084-015.i   0.9591      0.6302
heu-met-fast-078-041.i   0.9587      0.6174
heu-met-fast-084-017.i   0.9582      0.6002
heu-met-fast-044-005.i   0.9576      0.5841
heu-met-fast-084-019.i   0.9576      0.5820
heu-met-fast-043-002.i   0.9575      0.5801
heu-met-fast-044-004.i   0.9572      0.5698
heu-met-fast-022-002.i   0.9565      0.5480
heu-met-fast-025-001.i   0.9563      0.5423
heu-met-fast-089-001.i   0.9557      0.5217
heu-met-fast-079-003.i   0.9551      0.5029
heu-met-fast-084-022.i   0.9550      0.5012
heu-met-fast-084-004.i   0.9530      0.4360
heu-met-fast-043-003.i   0.9520      0.4061
heu-met-fast-027-001.i   0.9518      0.3975
heu-met-fast-092-001.i   0.9511      0.3777
heu-met-fast-079-005.i   0.9505      0.3591
heu-met-fast-084-023.i   0.9505      0.3589
heu-met-fast-084-012.i   0.9501      0.3459
heu-met-fast-079-004.i   0.9497      0.3324
heu-met-fast-084-016.i   0.9493      0.3204
heu-met-fast-084-002.i   0.9490      0.3096
heu-met-fast-084-005.i   0.9488      0.3050
heu-met-fast-020-002.i   0.9483      0.2874
heu-met-fast-043-004.i   0.9473      0.2572
heu-met-fast-043-005.i   0.9464      0.2294
heu-met-fast-087-001.i   0.9461      0.2198
heu-met-fast-078-023.i   0.9453      0.1929
heu-met-fast-084-007.i   0.9451      0.1862
heu-met-fast-063-001.i   0.9441      0.1560
heu-met-fast-019-001.i   0.9427      0.1092
heu-met-fast-041-003.i   0.9426      0.1069…



Sensitivity-Uncertainty Techniques for Nuclear Criticality Safety LA-UR-17-27058 222

Example 7:   HEU Cylinder with Tantalum Reflection

benchmark            ck        weight
heu-met-fast-044-003.i   0.5314      0.8928
heu-met-fast-043-001.i   0.5314      0.8924
heu-met-fast-078-041.i   0.5312      0.8845
heu-met-fast-079-002.i   0.5310      0.8796
heu-met-fast-044-005.i   0.5310      0.8779
heu-met-fast-044-004.i   0.5308      0.8716
heu-met-fast-089-001.i   0.5307      0.8702
heu-met-fast-022-002.i   0.5307      0.8691
heu-met-fast-084-004.i   0.5306      0.8674
heu-met-fast-084-019.i   0.5304      0.8613
heu-met-fast-084-022.i   0.5302      0.8533
heu-met-fast-084-023.i   0.5300      0.8486
heu-met-fast-043-002.i   0.5298      0.8424
heu-met-fast-079-003.i   0.5291      0.8204
heu-met-fast-084-005.i   0.5290      0.8149
heu-met-fast-025-001.i   0.5288      0.8107
heu-met-fast-084-016.i   0.5287      0.8069
heu-met-fast-020-002.i   0.5286      0.8043
heu-met-fast-027-001.i   0.5284      0.7957
heu-met-fast-084-002.i   0.5280      0.7858
heu-met-fast-078-023.i   0.5279      0.7828
heu-met-fast-043-003.i   0.5278      0.7787
heu-met-fast-063-001.i   0.5274      0.7650
heu-met-fast-041-003.i   0.5273      0.7630
heu-met-fast-079-005.i   0.5273      0.7614
heu-met-fast-079-004.i   0.5271      0.7571
heu-met-fast-084-012.i   0.5271      0.7557
heu-met-fast-019-001.i   0.5269      0.7503
heu-met-fast-087-001.i   0.5267      0.7419
heu-met-fast-092-001.i   0.5266      0.7391
heu-met-fast-078-025.i   0.5263      0.7314
heu-met-fast-043-004.i   0.5259      0.7187
.......

2cm Tantalum Reflection
calc      data unc   baseline  k(calc)
margin    (1-sigma)  USL       > USL
0.02083   0.00730   0.95519 -0.15947

Benchmark population   =   118
Population weight      =  71.52347
Maximum similarity     =   0.53482

Bias                    =   0.01064
Bias uncertainty        =   0.01019
Nuc Data uncert margin  =   0.00730
Software/method margin  =   0.00500
Non-coverage penalty    =   0.00000 

benchmark               ck        weight
heu-met-fast-100-002.i    0.5348 1.0000
heu-met-fast-100-001.i    0.5348      0.9984
heu-met-fast-001-001.i    0.5345      0.9892
heu-met-fast-051-002.i    0.5338      0.9673
heu-met-fast-018-002.i    0.5330      0.9437
heu-met-fast-007-019.i    0.5330      0.9426
heu-met-fast-051-004.i    0.5329      0.9406
heu-met-fast-065-002.i    0.5327      0.9324
heu-met-fast-015-001.i    0.5326      0.9284
heu-met-fast-084-001.i    0.5324      0.9239
heu-met-fast-008-001.i    0.5323      0.9208
heu-met-fast-044-001.i    0.5321      0.9147
heu-met-fast-044-002.i    0.5320      0.9115
heu-met-fast-084-017.i    0.5319      0.9090
heu-met-fast-079-001.i    0.5319      0.9073
heu-met-fast-084-015.i    0.5317      0.9024
heu-met-fast-007-001.i    0.5317      0.9016
heu-met-fast-012-001.i    0.5317      0.9013

Trouble !
Benchmarks 
are not very 
similar to 
application
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Example 7:   HEU Cylinder with Tantalum Reflection

• None of the benchmarks 
appear to have the same 
neutronics as the application

– Largest Ck in the Whisper example 
output is 0.53 – very low

– Guidance from ORNL 
Scale/Tsunami developers:

0.95 < Ck à great
0.90 < Ck < 0.95  à good

Ck < 0.90  à not so good

– If all Ck’s are low, there is a need 
to expand the benchmark suite, 
add similar benchmarks

– If no similar benchmarks, need 
extra analysis, analyst judgment, & 
margin

– The current benchmark suite for 
Whisper was focused on main needs 
for validation,  few benchmarks with 
Ta

– Need to find more benchmarks with 
Ta reflector & add to Whisper suite,     
if Ta-reflected applications are 
expected

HEU-MET-FAST-100-002

𝛎𝝨F𝝓(u)  vs u

HEU Ta reflection
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Example 8
–

Revisiting a Practical 
Application of the SPSL 

for Pu Metal
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– LANL undertook an effort to define a threshold between un-moderated and 
moderated plutonium metal systems in LA-UR-07-0160, Practical Application 
of the Single-Parameter Subcritical Mass Limit for Plutonium. 

– The goal was to answer the question of when do plutonium metal and water 
mixtures cease to appear as “metal” systems and begin to appear more like 
“solution” systems. 

– The study involving plutonium (239Pu) metal cubes in water was performed 
using MCNP. This study is revisited, and Upper Subcritical Limits (USLs) are 
presented, using WHISPER. 

N = 1,
Mass Per Cube = 5,000 g,
Spacing = N/A

N = 15,
Mass Per Cube = ~1.48 g,
Spacing = 1 cm

Example 8: Revisiting a Practical Application of the SPSL for Pu Metal
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Example 8: Revisiting a Practical Application of the SPSL for Pu Metal
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Example 8: Revisiting a Practical Application of the SPSL for Pu Metal
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Example 9 
–

Pu Critical Mass & USL Curves
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Example 9: Critical-Mass and USL-Mass Curves 
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[ANSI/ANS-8.24 7.2]
The validation applicability 
should not be so large that a 
subset of data with a high 
degree of similarity to the 
system or process would 
produce an upper subcritical 
limit that is lower than that 
determined for the entire set. 
This criterion is recommended 
to ensure that a subset of data 
that is closely related to the 
system or process is not 
nonconservatively masked by 
benchmarks that do not match 
the system as well.

THERMAL

• Average neutron energy causing fission: 
0.00854 MeV

• % of fissions caused by neutrons:     96%; 
3.5%; 0.5%

• Bias+bias uncertainty: 0.01306

• Nuclear data uncertainty: 0.00057

• USL = 0.98046

INTERMEDIATE

• Average neutron energy causing 
fission: 0.519 MeV

• % of fissions caused by neutrons: 
18%; 55%; 27%

• Bias+bias uncertainty: 0.02197

• Nuclear data uncertainty: 0.00162

• USL = 0.96881

FAST
• Average neutron energy causing fission: 

1.92 MeV
• % of fissions caused by neutrons:     

0%; 2%; 98%
• Bias+bias uncertainty: 0.01419
• Nuclear data uncertainty: 0.00073
• USL = 0.97891

Example 9: Critical-Mass and USL-Mass Curves 
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Using Whisper to Support 
NCS Validation

-
ANSI/ANS-8.24 

Requirements & Recommendations
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ANS-8.24

Computer Code System Whisper-1.1

Verification prior to validation 
(document)

Developers run verification suites and 
document results. 

Users must verify installation and 
operation prior to validation. 

Configuration Control Users must manage configuration.

Changes evaluated to determine 
effect on validation

Recommend running MCNP6 
validation_criticality V&V suite 
frequently (daily) to look for changes. 

If changes, determine the cause & fix if 
possible.

If necessary, complete new sensitivity 
profiles for Whisper benchmark library.
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ANS-8.24

Selection and Modeling of Benchmarks Whisper-1.1
Appropriate process parameters correlate 
experiment to application

Whisper selects benchmark 
experiments that are most
similar to the application using 
sensitivity profiles to 
characterize the neutronics of 
each application and 
benchmark for each isotope, 
reaction and energy.

Identify normal and credible abnormal 
conditions when determining parameters 
and values (benchmarks should 
encompass range)

Use the same methods and analysis to 
analyze benchmark and application

Whisper uses same methods 
and analysis for both.

Review benchmarks prior to use (should 
be consistent with modeling capabilities 
of method; drawn from multiple series; 
evaluated by organization performing 
validation)

Benchmark models consistent 
with MCNP6 capabilities; drawn 
from multiple series; modeled 
by experienced MCNP6 users; 
must be reviewed and 
evaluated by organization 
performing validation.

Experienced users responsible for 
modeling benchmarks
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ANS-8.24

Establishment of Bias, Bias Uncertainty,
Margins

Whisper-1.1

Justify positive bias Does not use positive bias.

Base trending parameters on application Establishes USL for each application.
Rejection of outliers based on physical 
behavior or established statistical 
rejection methods

Rejection based on GLLS with iterative-
diagonal χ2 rejection technique.

Calculational margin consistent with 
quality and quantity of benchmarks

Selects similar (quality) benchmarks to 
conduct valid statistical analysis (quantity).

Method consistent with intended use Consistent       (no assumption of normality)
Bias uncertainty allowance for 
measurement uncertainties; limitations in 
representations, statistical and 
convergence uncertainties

Uses experimental and cross-section 
uncertainties; statistical and convergence 
uncertainties; parameter studies used for 
variations in geometry & materials.

Trends used for extrapolation/wide 
interpolation based on cause

Application-specific USL, possible to trend 
with output information or parameter study.
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ANS-8.24

Establishment of Bias, Bias 
Uncertainty, and Margins
Margin of Subcriticality (MOS)

Sufficiently large to ensure calculated 
conditions will actually be subcritical

MOSdata based on sensitivity profiles 
and nuclear data covariances, 
MOScode 0.005 based on MCNP 
developer expert judgment, 
MOSapplication must be applied by NCS 
analyst.

Take into account sensitivity of 
application to variations in fissile 
form, geometry, characteristics. 
Single trend might not be appropriate 
over entire validation applicability.

Application-specific, see case study 
for cubic array of metal pieces.
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ANS-8.24

Adequacy of the Validation

Validation applicability based on 
benchmark applicability (may be 
extended)

Sensitivity profiles to select most 
similar benchmarks, ranked by ck. 
Non-similar benchmarks (extrapolate 
or wide interpolate) have lower ck;
ck < 0.8 requires additional margin 
based on expert judgment.

USL based on CM and MOS USL = 1 – CM – MOS
The validation applicability should not 
be so large that a subset of data with a 
high degree of similarity to the system 
or process would produce a higher 
USL than is lower than that 
determined for the entire set. 
Subset of data closely related to 
application is not nonconservatively 
masked by benchmarks that do not 
match the system as well.

Application-specific USL

See Whisper Case Study Critical Mass 
Curve
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ANS-8.24

• Documentation and Independent Technical Review

– Trending analysis and technical basis
– Validation applicability
– Differences validation applicability – application
– Limitations
– MOS and its basis
– USL and methods to determine
– Independent technical review

• Benchmark applicability
• Input/output files
• Methodology: CM, MOS
• Concurrence with validation applicability
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