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Introduction

Â Verification of spent fuel inventory is very 

important for proliferation concerns

Â Project sponsored by LLNL to expand on work 

done for the Atucha-I reactor (in Argentina)

ÂGoals

ÃDevelop an accurate and efficient calculation 

methodology to predict in situ neutron and gamma 

detector response in a spent fuel pool

ÃApply this methodology to the Atucha-I spent fuel pool
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Background

Atucha-I Reactor

Â Located near Buenos Aires in 
Argentina

Â 357 MWe

Â Pressurized heavy water reactor

Â 37 element circular fuel 
assemblies

Â NU (Natural U) or SEU (Slightly 

Enriched U) (0.85 w%) fuel

Â 5 – 13 GWd/MTU burnup

Â Up to 40 year cooling time

Â Monitored by IAEA for non-
proliferation
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Atucha-I Fuel Assembly

Radial projection

Axial projection
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Atucha-I Spent Fuel Pool

Â Assemblies are very difficult to remove and test

Â Want in-situ radiation measurements to verify fuel

Â Low burnup and long cooling times make Cerenkov verification 
difficult

Assemblies

Rack



7

Atucha-I Spent Fuel Pool
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Background

Current Safeguards Approach

ÂNeutron detector measurement in between 

assemblies

Â Assumed that detector response is proportional 

to the sum of burnups of adjacent assemblies

ÃNon-linear behavior of source strength as function of 

burnup and decay time

ÃSource distribution differences due to sub-critical 

multiplication

ÃContribution from non-adjacent assemblies
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Calculation of Detector Response

Adjoint Methodology

Â In order to determine a detector response in the 

“forward” method, we first solve:

Â And then calculate:

ÂUsing the adjoint methodology, we solve:

Â And calculate:
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Determination of Detector Response

Adjoint Methodology

Â Source (S)

Ã Intrinsic Source

Â Spontaneous fission

Â (a,n)

Â Fuel burnup calculation (ORIGEN-ARP)

ÃSubcritical Multiplication

Â Induced fission from intrinsic source

Â Simplified fission-matrix methodology

ÂDetector Importance

ÃAdjoint Calculation (PENTRAN)

ää=
i g

iigig VSR *f



11

Spent Fuel Characterization

Â MCNP used to calculate 

flux distribution in one 

assembly

Ã Infinite lattice (reflection in 

x-y)

Ã Reflected in –z

Ã Vacuum in +z

Ã No effect of control rods or 

burnable poison

Ã SEU Fuel (0.85%)

Radial

Axial
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Flux Distribution

Â Eigenvalue 

Calculation performed

Ã3000 cycles;           

500 skipped;          

5000 histories/cycle 

Ãk=1.18841 Ñ0.00049

ÂMCNP Mesh Tally 

Results

Thermal (0-0.175 eV)

Fast (1- 20 Mev)



13

Fission Distribution

Â Fission rate tallied by pin 
and in 10 axial levels

Â Fission rates vary as a 
function of:
Ã Axial position (largest 

change)

Ã Radial position

Ã Azimuthal position (smallest 
change)

Â Ignore small azimuthal 
fission rate variations

Â Combine axial zones 1-3, 
resulting in 8 axial zones

5.3 m

2.65 m (Reflected)
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Fuel Assembly Homogenization

Â Each assembly homogenized into 3 radial rings 

and 8 axial zones (volume homogenization)

Â Each zone has material properties as 

determined by individual burnup calculation 

using ORIGEN-ARP (Point depletion)

Homogenization
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Source Determination

Total Neutron Source vs Burnup
Total Neutron Source Strength vs. Local Burnup

(NU Fuel)

0.00E+00

5.00E+06

1.00E+07

1.50E+07

2.00E+07

2.50E+07

3.00E+07

3.50E+07

4.00E+07

4.50E+07

5000 6000 7000 8000 9000 10000 11000 12000 13000

Local Burnup (MWd/MTU)

T
o

ta
l 
N

e
u

tr
o

n
 S

o
u

rc
e
 S

tr
e
n

g
th

 

(n
/M

T
U

/s
)

0.5y

1y

2y

5y

10y

20y

30y



16

Source Determination

Total Neutron Source vs Cooling Time

Total Neutron Source Strength vs. Cooling Time

(NU Fuel)
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Source Database

Â Source as a function of local burnup, decay time 
and energy group (from ORIGEN)
ÃS(BU,t,g)

Â Local burnup as function of position within 
assembly (radial and axial) and total assembly 
burnup (from MCNP)
ÃBU(r,z,BUtotal)

Â Interpolate between data to get source at any 
burnup, decay time and location
ÃS(r,z,BUtotal,t,g)
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Sub-Critical Multiplication

ÂTo use the adjoint methodology, the total 

source is required, 

Stotal=Sintrinsic+Smultiplication

ÂSmultiplication can be calculated by 

performing a fixed source calculation

ÂDecided on using the fission matrix (FM) 

method
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Fission Matrix Method
Â The Fission Matrix (FM) method is based on 

considering that the fission source at a location 
can be described as:

Â ai,j is the number of fission neutrons produced 
directly in cell i due to a neutron born in cell j

Â Fi is the fission source in cell i

Â Si is the independent source in cell i

ÂN is the total number of cells
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Calculation of Fission Matrix 

Coefficients

ÂMCNP calculation performed with a uniform 

source in one assembly

Â Fluxes tallied in surrounding assemblies

Â ai,j for the source assembly j calculated by 

multiplying tallies by nsf, i.e.

ÃPhysically, ai,j is the number of fission neutrons 

produced in region j per source particle in region i

)(),,Ĕ,( ,, EtErddVdEa ifiji nsÖWWY=ñññ
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Coefficient Calculation Model

Â Calculation yields ai,j for 
fixed i
Ã Fixed source calculation for 

each assembly to complete 
fission matrix

Â Exploit geometric 
similarity among 
assemblies
Ã Can we assume that every 

assembly has the same 
coefficients relative to its 
surroundings?

Ã Is ai,j equal for green, red 
and blue interactions?
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Coefficient Calculation Model

Corner Assembly Edge Assembly Interior 

Assembly
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Simplified FM – Calculated Coefficients

Interior

x-distance from source 

assembly

y-distance 0 1 2

0 2.13E-01 4.98E-02 2.70E-03

1 4.56E-02 1.38E-02 1.22E-03

2 2.18E-03 1.11E-03

Edge

x-distance from source 

assembly

y-distance 0 1 2

0 2.14E-01 4.98E-02 2.69E-03

1 4.57E-02 1.37E-02 1.22E-03

2 2.17E-03 1.08E-03

Corner

x-distance from source 

assembly

y-distance 0 1 2

0 2.15E-01 5.00E-02 2.66E-03

1 4.58E-02 1.38E-02 1.22E-03

2 2.17E-03 1.08E-03

1,0

1,1

1,0

0,1

0,0

1,1

1,2 2,21,2

2,0

0,2

2,1

Source Assembly
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Testing the Simplified FM Methodology

Â Four test spent fuel scenarios
Ã 2x6 array, uniform source

Ã 9x6 array, uniform source

Ã 9x6 array, 27 assemblies on the left with source 
strength 1, the rest with source strength 0.5

Ã 20x6 array, uniform source

Â Same ai,j coefficients used for every case

Â Solve system of equations

Â MCNP calculation 

as a benchmark

FSF
GGG
=+ )(A

1.

2.

3.

4.
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FM Results

Â Excellent agreement with Monte Carlo (<1%)

Â Very fast

Ã<1s for Fission-matrix method

Ã~1hr for Monte Carlo

Assembly 

Arrangement

Case

M

(MCNP)

M

(Fission 

Matrix)

Difference

MCNP 

Uncertainty

1-s

2x6, uniform 1.7133 1.7104 -0. 29% 0.0008

9x6, uniform 1.9988 1.9966 -0. 22% 0.0007

9x6, non-uniform 2.0033 1.9968 -0.65% 0.0013

20x6, uniform 2.0513 2.0444 -0. 69% 0.0012
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FM Results
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FM Compensation for 

Burnup/Cooling Time

Â 4 calculations

ÃBurnup 5000 MWd/MTU, Cooling time 1 yr

ÃBurnup 8000 MWd/MTU, Cooling time 1 yr

ÃBurnup 5000 MWd/MTU, Cooling time 30 yrs

ÃBurnup 8000 MWd/MTU, Cooling time 30 yrs

Â Fission matrix coefficients interpolated between 

these tests

ÂMore data points possible for better accuracy
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FM Compensation Results
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2D PENTRAN Model (adjoint calculation)

•100x100 fine meshes

•S8 angular quadrature, P3 scattering

•Adaptive differencing strategy (DTW/EDW)
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Detector and Adjoint Source

Â In the adjoint 

methodology, the 

“source” is the detector 

cross section

Â The detector modeled is the Spent 

Fuel Neutron Counter (SFNC), 

currently used at Atucha

Ã 2.54cm diameter with 3.5 polyethylene 

moderator

Ã Fission chamber, 94% enriched U-235 

with 12mg total U-235
Fission Chamber Detector

Cross Section/Adjoint Source
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Detector Field-of-View (FOV)
Â FOV is the fraction of the response that comes from each 

assembly

Â PENTRAN calculation yields Y*

Â S calculated from source database (average burnup, 5y 
decay time)

Â Fractional Response Calculated

Assembly Number

Assembly

Arrangement 1 2 3 4

Sum 

5-9

2x2 86.74% 5.99% 5.99% 1.27% N/A

3x3 85.72% 5.94% 5.94% 1.21% 1.18%

FRi Assembly Contribution to Detector Response (SEU fuel)

ää

ä
=

j g

jjgjg
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Effect of other parameters
Â Burnup and cooling time 

Ã 5000-8000 MWd/MTU

Ã 1-30 years

Ã Cross sections (~1% max)

Ã Neutron source spectrum (~0.5% max)

Â Detector position
Ã Edge vs. center of pool ~4%

Â 2D vs. 3D calculation
Ã Less than 0.5% difference

Ã Adds enormously to computation time

Â Use one FOV calculation for all positions and 
parameters
Ã Above parameters could be included if additional accuracy 

required
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Detector Response

Monte Carlo
Â Forward Monte Carlo 

Calculation using MCNP5

Â Source located in one of 

four surrounding assemblies

Â Fission rate tallied in 

detector

Assembly # PENTRAN

FOV

MCNP 

FOV

MCNP 

Uncertainty

(1-s)

1 88.55% 87.43% 0.0026%

2 5.35% 6.29% 0.45%

3 5.20% 5.18% 0.59%

4 0.91% 1.10% 6.1%
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Response Prediction
Â Input assembly layout and declared burnup

Â Determine intrinsic sources by interpolating the source 

database

Â Calculate the source due to sub-critical multiplication 

using the FM method

Â Couple the importance function with the source to 

predict the response

Â Adjust for detector efficiency using calibration data

Â Compare adjusted predicted response to experimental 

data

ää=
i g

iigig VSR *f
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Predicted Response

Test Cases
Â 6x8 array of NU spent fuel

Â 5000 MWd/MTU, 30 year cooling time 

5000 5000 5000 5000 5000 5000 5000 5000

Spent Fuel Pool Layout
Measurement Positions (x,y)

2

3

4

5

x

5000 5000 5000 5000 5000 5000 5000 5000

5000 5000 5000 5000 5000 5000 5000 5000

5000 5000 5000 5000 5000 5000 5000 5000

1

1            2           3           4           5           6           7            8           9
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Predicted Response

Old vs. New

1
2

3
4

5
6

7
8

9
S1

S2

S3

S4
S5

S6
S7

0

0.2

0.4

0.6

0.8

1

1.2

1.4

D
e

te
c

to
r 

R
e

s
p

o
n

s
e

 (
R

e
la

ti
v

e
)

Detector Location (x,y)

Predicted Neutron Detector Response

 (Standard Array, Old Method)

1.2-1.4

1-1.2

0.8-1

0.6-0.8

0.4-0.6

0.2-0.4

0-0.2

1
2

3
4

5
6

7
8

9
S1

S2
S3

S4
S5

S6
S7

0

0.2

0.4

0.6

0.8

1

1.2

1.4

D
e

te
c

to
r 

R
e

s
p

o
n

s
e

 (
R

e
la

ti
v

e
)

Detector Location (x,y)

Predicted Neutron Detector Response 

(Standard Array)

1.2-1.4

1-1.2

0.8-1

0.6-0.8

0.4-0.6

0.2-0.4

0-0.2

OLD NEW



37

Diversion Scenario
Substitution With Dummy Assembly

Â ~25% deviation in 

detector response for 4 

locations adjacent to 

dummy (red)

Â ~4% deviation at one 

position further (green)
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Diversion Scenario
Substitution With Dummy Assembly and High BU 

Assembly

Â Dummy + 7500 

MWd/MTU assembly

Â ~+/-20% response 

deviation at green 

locations

Â ~0 in between modified 

assemblies
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Comparison of the measured and calculated 

detector response

ÂDetermination of detector efficiency (E)

ÃForm

ÃMinimize ε
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INSPCT-S (Inspection of Nuclear Spent fuel-Pool Computing Tool ï

Spreadsheet)

40

>=< +

nnn SR fINSPCT-S solves

By interpolation, source and adjoint function are determined using databases of  the decay 

neutrons, fission matrix coefficients, and adjoint distributions

INPUT OUTPUT

src file C:\Users\ali\Documents\haghD\ufttg\LLNL\INSPCT-s\se.dsrc

COLUMNS 8 fm file C:\Users\ali\Documents\haghD\ufttg\LLNL\INSPCT-s\se.dfmResponse Tolerance Detector Normalization

ROWS 6 imp file C:\Users\ali\Documents\haghD\ufttg\LLNL\INSPCT-s\se.dimp15.00% 5.28E-10

Burnup Independent Source

(x,y) 1 2 3 4 5 6 7 8 (x,y) 1 2 3 4 5 6 7 8

1 9000 9000 9000 9000 9000 9000 9000 9000 1 4.60E+07 3.39E+07 2.84E+07 2.48E+07 2.21E+07 1.94E+07 1.56E+07 13036948

2 10000 10000 10000 10000 10000 10000 10000 10000 2 6.89E+07 5.30E+07 4.49E+07 3.86E+07 3.39E+07 2.91E+07 2.26E+07 18101692

3 11000 11000 11000 11000 11000 11000 11000 11000 3 1.00E+08 8.04E+07 6.86E+07 5.84E+07 5.06E+07 4.29E+07 3.23E+07 25047256

4 12000 12000 12000 12000 12000 12000 12000 12000 4 1.42E+08 1.17E+08 1.01E+08 8.51E+07 7.33E+07 6.15E+07 4.53E+07 34204842

5 13000 13000 13000 13000 13000 13000 13000 13000 5 1.98E+08 1.67E+08 1.45E+08 1.22E+08 1.04E+08 8.67E+07 6.28E+07 46492994

6 14000 14000 14000 14000 14000 14000 14000 14000 6 2.68E+08 2.32E+08 2.01E+08 1.69E+08 1.44E+08 1.19E+08 8.52E+07 62072007

Cooling time Fission Source

(x,y) 1 2 3 4 5 6 7 8 (x,y) 1 2 3 4 5 6 7 8

1 1 2 5 10 15 20 30 40 1 4.03E+07 4.68E+07 4.25E+07 3.66E+07 3.11E+07 2.57E+07 1.98E+07 12521188

2 1 2 5 10 15 20 30 40 2 6.88E+07 8.12E+07 7.41E+07 6.34E+07 5.32E+07 4.33E+07 3.26E+07 20199639

3 1 2 5 10 15 20 30 40 3 9.82E+07 1.17E+08 1.07E+08 9.08E+07 7.54E+07 6.05E+07 4.47E+07 27169878

4 1 2 5 10 15 20 30 40 4 1.32E+08 1.58E+08 1.44E+08 1.21E+08 9.98E+07 7.93E+07 5.78E+07 34751134

5 1 2 5 10 15 20 30 40 5 1.62E+08 1.92E+08 1.73E+08 1.45E+08 1.19E+08 9.42E+07 6.80E+07 40823941

6 1 2 5 10 15 20 30 40 6 1.49E+08 1.74E+08 1.56E+08 1.30E+08 1.06E+08 8.38E+07 6.03E+07 36229288

Response (experimental) Response(Calculated)

(x,y) 0.5 1.5 2.5 3.5 4.5 5.5 6.5 7.5 8.5 (x,y) 0.5 1.5 2.5 3.5 4.5 5.5 6.5 7.5 8.5

0.5 0.5 0.123198 0.230998 0.221266 0.193583 0.166627 0.141523 0.114534 0.083892 0.036611

1.5 0.6 0.3 1.5 0.305453 0.580498 0.561644 0.491674 0.420538 0.353999 0.28285 0.203871 0.087599

2.5 0.8 2.5 0.467647 0.897903 0.880437 0.770597 0.653747 0.543993 0.427576 0.301569 0.127819

3.5 3.5 0.658686 1.271323 1.252983 1.094413 0.922518 0.761393 0.591298 0.410909 0.172554

4.5 1.4 4.5 0.879337 1.696988 1.669344 1.453015 1.219392 1.002015 0.772365 0.532245 0.222616

5.5 1.2 5.5 1.029258 1.978009 1.923356 1.665877 1.394836 1.14574 0.880125 0.605581 0.253192

6.5 6.5 0.57336 1.093457 1.058167 0.914234 0.765146 0.628852 0.482792 0.332139 0.139652

Response Difference

(x,y) 0.5 1.5 2.5 3.5 4.5 5.5 6.5 7.5 8.5

0.5

1.5 3.36% -15.25%

2.5 3.82%

3.5

4.5 -3.65%

5.5 4.74%

6.5

run
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Questions?


