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Purpose of this work

ÅTo safely and efficiently operate a SMR
ÅMonitoring systems using various types of instruments 

are needed

ÅTo decide on various in-core and ex-core detectors 
in varying locations.
ÅA fast analysis tool needed

ÅTo develop accurate and efficient methodologies 
for modeling ex-core detection systems for SMRs. 



Determination of Source Range Monitors (e.g., 
BF-3) Response due to Statupsource (Cf-252)
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Approach

We consider two approaches:

1. ΨCƻǊǿŀǊŘΩ ǎǘŀǘƛǎǘƛŎŀƭ aƻƴǘŜ /ŀǊƭƻ using CADIS for 
variance reduction

2. ΨAdjointΩ ŘŜǘŜǊƳƛƴƛǎǘƛŎ ŘƛǎŎǊŜǘŜ ƻǊŘƛƴŀǘŜǎ ό{ƴύ ƳŜǘƘƻŘ



Derivation of detector response in terms of adjointfunction

The forward transport equation is given by

Ὄ Ὓ

where 

Ὄ  ɇ „ᴆὶȟὉ Ὠ᷿Ὁ Ὠ᷿ „ ᴆὶȟὉᴼὉȟ ɇ  , 

The detector response is expressed by 

Ὑ „

Where, „ is the detector macroscopic cross-section, and 

< > are Dirac signs indicating integration over space, energy and angle.

The discretized form (G groups, N mesh volumes), Ὑ ÒÅÄÕÃÅÓÔo

Ὑ ‰ȟ„ȟȟῳὠ

The adjoint transport equation is given by

Ὄ Ὓ

where 

Ὄ  ɇ „ᴆὶȟὉ Ὠ᷿Ὁ Ὠ᷿ „ ᴆὶȟὉᴼὉȟ ɇ  ,



Derivation of detector response in terms of adjointfunction

Form the commutation relation between the forward and adjoint equations as 

Ὄ Ὄ Ὓ ộὛỚ

Considering vacuum boundary conditions, then the adjoint function property, 
Ὄ Ὄ , is satisfied, and therefore

Ὓ Ὓ

Considering

Ὓ=„

The detector response in terms of the adjoint function is given by

Ὑ „ Ὓ

Discretized form of above equation in terms of scalar adjoint function is given by

Ὑ ‰ȟὛȟῳὠ

Where g refers to energy group, i refers to spatial cell, G refers to total number of 
energy groups, ‰ is the scalar adjoint function, ȹVis the cell volume,  and N refers 
to total number of spatial cells.



Positioning of Source Range Monitors
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Theory ςMonte Carlo Variance Reduction

ÅImplement a form of the CADIS (Consistent Adjoint
Driven Importance Sampling, Wagner and 
Haghighat, 1996) into MCNPX

ÅCADIS was developed by Wagner and Haghighat in 
1996, and implemented into MCNP4A by 
developing a patch that resulted in A3MCNP 
(Automated Adjoint Accelerated MCNP)



Discussion on CADIS

Uses a 3-D SNñimportanceò (or adjoint) function 
distribution for 

üsource biasing  

ütransport biasing 

in a consistent manner, within the weight-
window technique. 
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Transport biasing

If <1 (i.e., the particle is moving from higher to lower importance), particles 
are processed using Russian roulette, 

Otherwise, if the particle is moving from low to high importance, the particles are 
split, where statistical weight 
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Implementation of the CADIS Methodology into 
MCNPX

The CADIS ƳŜǘƘƻŘƻƭƻƎȅ ǿŀǎ ǳǘƛƭƛȊŜŘ ǿƛǘƘƛƴ a/bt·Ωǎ ƳŜǎƘ-
based weight-window technique. For this implementation:

Åsince the source is highly localized, the source biasing is not 
used, however 

ÅάǘǊŀƴǎǇƻǊǘ ōƛŀǎƛƴƎέ ƛǎ ǳǎŜŘ ōȅ ŘŜǘŜǊƳƛƴƛƴƎ the lower weight of 
the window as

ύ ᴆὶȟὉ
ᴆȟ

where ‰ ᴆὶȟὉ is the adjoint function and ‰ is the adjoint function at the 

localized source location (e.g., Cf-252) for the peak source energy. The 

factor ensures that source particles start within the weight window.



MCNPX Monte Carlo Model for determination 
of response of SRM due to Cf-252
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Model for determination of approximate 
adjointfunction

ÅThe TITAN 3-D, multigroup, 
parallel transport code is used 
with approximate model to 
determine adjoint function 
distribution, and therefore

ÅBUGLE-96 47-group neutron 
and 20-group gamma library is 
used for generation of 
multigroupcross sections

ύ ὶȟὉ
ρ

ς

‰

‰ ὶȟὉ



Collapsed fast and thermal group adjoint
function distributions

Fast (8.76E-07 ς19.6 MeV ) adjoint
function distribution 

Thermal (0 - 8.76E-07 MeV) adjoint
function distribution 



The super-imposed mesh and lower-weight values for the 
weight window

Far from detector
Low importance
High weight window

Near to detector
High importance
Low weight window

Source



Performance of MCNPX (with & without 
CADIS) for determination of SRM Response

No Variance 
Reduction

CADIS

Response 9.33E-08 1.00E-07

Relative Error (R) 0.2603 0.0052

Time (T) 690 min 183 min

Figure of Merit

(FOM=
╡╣

)
0.021 202.6

Speedup 1 9468



Adjoint-function distribution for a uniform 
detector in the cavity region

Fast (8.76E-07 ς19.6 MeV ) adjoint
function distribution 

Thermal (0 - 8.76E-07 MeV) adjoint
function distribution 

This function provides the ability to place a detector at any position within the 
cavity region; it is less efficient than calculating adjoint function for a given 
detector position.



Performance of MCNPX (with & without 
CADIS) for determination of SRM Response 

(considering the general adjointfunction)

No Variance 
Reduction

CADIS
(SpecificLocation 

adjoint)

CADIS
(General Ex-
core adjoint)

Response 9.33E-08 1.00E-07 9.89E-08

Relative Error (R) 0.2603 0.0052 0.0069

Time (T) 690 min 183 min 753 min

Figure of Merit

(FOM=
╡╣

)
0.021 202.6 27.9

Speedup 1 9468 1303



Impact of a polyethylene sleeve around the BF-3 detector
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Determination of optimum location of 
detectors

Radial and azimuthal changes Axial changes



Detector responses for different detector 
positions

Azimuthal Position 
(deg)

Axial Offset (cm)

Radial Position (cm)
(from outside of vessel)

0 20 40 60 80



Developing a Response 
Function


