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Shutdown dose rate (SDDR) analysis requires (a) a
neutron transport calculation to estimate neutron flux
fields, (b) an activation calculation to compute radio-
nuclide inventories and associated photon sources, and
(c) a photon transport calculation to estimate final
SDDR. In some applications, accurate full-scale Monte
Carlo (MC) SDDR simulations are needed for very large
systems with massive amounts of shielding materials.
However, these simulations are impractical because
calculation of space- and energy-dependent neutron
fluxes throughout the structural materials is needed to
estimate distribution of radioisotopes causing the SDDR.
Biasing the neutron MC calculation using an importance
function is not simple because it is difficult to explicitly
express the response function, which depends on
subsequent computational steps. Typical SDDR calcu-
lations do not consider how uncertainties in MC neutron
calculation impact SDDR uncertainty, even though MC
neutron calculation uncertainties usually dominate SDDR
uncertainty.

The Multi-Step Consistent Adjoint Driven Importance
Sampling (MS-CADIS) hybrid MC/deterministic method
was developed to speed SDDR MC neutron transport
calculation usingadeterministically calculated importance
function representing the neutron importance to the final
SDDR. Undersampling is usually inevitable in large-
problem SDDR simulations because it is very difficult for
theMCmethod to simulate particles in all space and energy

elements of the neutron calculation. MS-CADIS can assess
the degree of undersampling in SDDR calculations by
determining the fraction of the SDDR response in the space
and energy elements that did not have any scores in theMC
neutron calculation. It can also provide estimates for upper
and lower limits of SDDR statistical uncertainties resulting
from uncertainties in MC neutron calculation.

MS-CADIS was applied to the ITER SDDR bench-
mark problem that resembles the configuration and
geometrical arrangement of an upper port plug in ITER.
Without using the hybrid MC/deterministic methods to
speed MC neutron calculations, SDDR calculations were
significantly undersampled for all tallies, even when MC
neutron calculation computational time was 32 CPU-
days. However, all SDDR tally results with MC neutron
calculations of only 2 CPU-days converged with the
standard Forward-Weighted CADIS (FW-CADIS)
method and the MS-CADIS method. Compared to the
standard FW-CADIS approach, MS-CADIS decreased
the undersampling in the calculated SDDR by factors
between 0.9% and 0.3% for computational times between
4 and 32 CPU-days, and it increased the computational
efficiency of the SDDR neutronMC calculation by factors
between 43% and 69%.

Note: Some figures in this paper may be in color only in the electronic
version.
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I. INTRODUCTION

Shutdown doses in fission and fusion energy systems
result from decay of neutron-induced activation products in
irradiated materials. Accurate assessments of the shutdown
dose rate (SDDR) are crucial to support operation,
maintenance, and waste disposal planning and to guide
possible design changes of key components in nuclear
energy systems. An SDDR calculation involves three steps:

1. a neutron transport calculation to determine
the space- and energy-dependent neutron flux
distributions

2. activation calculations to compute the photon
source distribution

3. a photon transport calculation for estimating the
final SDDR.

Even without considering the second and the third
computational steps, SDDR calculations are much more
challenging than one-step neutronics calculations (e.g., the
calculation of the prompt dose rate during operation)
because detailed space- and energy-dependent neutron
fluxes are needed in the neutron transport calculation of
SDDR analysis. In some applications, full-scale SDDR
simulations are required for immensely large systems that
involve massive amounts of shielding materials. These
simulations require calculating the distribution of radioiso-
topes throughout the entire system. For example, SDDR
assessments are required throughout the biological shield
(bioshield) of the ITER experimental facility to (a) evaluate
the required waiting period after the shutdown of ITER and
(b) identify the locations where human accessibility should
be prohibited.1 The bioshield is a large cylindrical concrete
structure (,30m tall and 30m in diameter) surrounding the
very complex tokamakmachine.Determining the effects on
SDDR due to important factors such as the cross talk
(interactions) between the different ports of ITER is
possible only through full-scale simulations that involve
all the complex inner details of the ITER tokamakmachine.

Because discrete ordinates (SN) methods provide
detailed flux information, they may seem more appropriate
thanMonteCarlo (MC)methods forSDDRneutron transport
calculations; however, the truncation errors of SN methods
can adversely affect the accuracy of SDDR predictions.
Furthermore, some of the SDDR analyses involve radiation
streaming through very narrow solid angles and many very
complicated pathways that cannot be appropriately handled
by SNmethods. The computational requirements of full-scale
structured-mesh SN simulations for very large and compli-
cated systems such as ITER (on the order of tens of
processor-years) are manageable only using world-class
supercomputers.2 Even with such expensive requirements,
some important geometric features of these complex systems
cannever be accurately representedusing structured-meshSN
codes. Unstructured-mesh SN simulations have been used to

calculate SDDR at the interspaces of the ITER diagnostics
ports. However, these calculations required limited angular
discretization and the use of coarse meshes with sizes on the
order of tens of centimeters in some regions because of the
limited scaling capabilities (up to hundreds of processors) of
the unstructured-mesh SN codes used.

3 These coarse meshes
and limited angular discretization cause severe discretization
errors that can be evidenced by the appearance of negative
space- and energy-dependent neutron fluxes in the SN
solutions.4

The rigorous two-step (R2S) computational system
entails Monte Carlo neutron and photon transport calcu-
lations coupled with a comprehensive activation step using
a dedicated inventory code and library.5 Accurate full-scale
R2S simulations are impractical for large, geometrically
complex problems because the calculation of space- and
energy-dependent neutron fluxes throughout the structural
materials is difficult using the MC method. Biasing the
neutron MC calculation using an importance function6 is
not straightforward because it is difficult to explicitly
express the response function of the neutron calculation,
which depends on the subsequent calculation steps. More-
over, typical R2S calculations do not consider the impact of
uncertainties in the MC neutron calculation on SDDR
uncertainty, even though these former uncertainties usually
dominate the SDDR uncertainty.7

We developed the Multi-Step Consistent Adjoint
Driven Importance Sampling (MS-CADIS) hybrid
MC/deterministic method to speed up the SDDR MC
neutron transport calculation using an importance function
that represents the neutron importance to the final SDDR.
The MS-CADIS method uses the CADIS method, which
has been successfully used for more than a decade in
shielding calculations,8 to develop consistent source
biasing and weight window (WW) variance-reduction
parameters that efficiently modify the sampling of particles
without encountering inefficiency and false convergence
problems caused by the incompatibility between source and
transport biasing.9 However, because the MS-CADIS
method focuses on multistep shielding calculations such
as theR2S calculations of SDDR, it develops an importance
function for the initial radiation transport calculation (e.g.,
the neutron calculations in SDDR simulations) that
represents the importance of particles to the final response
of the overall simulation. This paper explains the theory of
theMS-CADISmethod and provides some insights into the
physical interpretations of the MS-CADIS adjoint neutron
source and theMS-CADIS adjoint neutron flux. This paper
also describes the viability and practicality of using theMS-
CADIS method to assess the reliability of the SDDR MC
calculations and to calculate the SDDR uncertainty
resulting from uncertainties in the MC neutron calculation.

The initial MS-CADIS implementation used the
Standardized Computer Analyses for Licensing Evalu-
ation, Version 6.1 (SCALE 6.1) (Ref. 10), shielding
analysis sequence Monaco with Automated Variance
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Reduction using Importance Calculations (MAVRIC)
(Ref. 11), for the radiation transport calculations and the
SCALE 6.1 Oak Ridge Isotope GENerator (ORIGEN)
package12 to complete the activation and decay calcu-
lations. In this paper, the effectiveness of the MS-CADIS
method in speeding up SDDR MC calculations, in
calculating SDDR uncertainty due to uncertainties of
MC calculations of neutron flux distribution, and in
assessing the reliability of SDDR MC calculations is
demonstrated. The demonstration used an ITER bench-
mark problem13 that resembles the configuration and
geometrical arrangement of an upper port plug in ITER.

II. THE MS-CADIS METHOD

II.A. MS-CADIS Importance Function

Many techniques have been developed to reduce the
variance or increase the efficiency of MC calculations.
These modified sampling techniques alter the MC
transport simulation in an attempt to sample more particles
in the phase-space regions that contribute to the tally. The
importance sampling technique6 uses an importance
function—the expected score to a detector from a particle
at some point in phase-space—to modify the MC sampling
process. The importance function Ið~r,EÞ can also be
viewed as the exact response of the detector due to a source
represented by delta function in space qð~r,EÞ ¼
dð~r2 ~r0ÞdðE2 E0Þ. Theoretically, if Ið~r,EÞ is known
exactly, the detector response R can be expressed as

R ¼
ð
V

ð
E

Ið~r,EÞqð~r,EÞ dVdE , ð1Þ

where qð~r,EÞ is the source distribution function.a Equation
(1) represents an integral equationdescribing a hypothetical,
absolutely efficient MC process in which each simulated
particle scores the exactly correct expected value as soon as
it is emitted from the source without undergoing any
physical events. It is necessary to mention that finding the
exact importance function is unrealistic.6 If the exact
importance function could be known, the random sampling
process would not be needed because it would be easier to
calculate the response using integration methods. However,
over the last two decades, some hybrid MC/deterministic
techniques have been very successful in dramatically
increasing the efficiency of MC calculations using approxi-
mate importance functions.8 The crux of the MS-CADIS
approach is to calculate an appropriate approximation for
the importance function Ið~r,EÞ, recognizing that even for the
initial steps in multistep calculations, the response R in
Eq. (1) should be the final response of the overall analysis,
not the response of each step on its own.

For the linear integrodifferential neutral particle
transport equation, a related adjoint equation can be
formulated using the identity

kfð~r,EÞ,qþð~r,EÞl ¼ kfþð~r,EÞ,qð~r,EÞl , ð2Þ
where

fð~r,EÞ 5 space- and energy-dependent particle flux

fþð~r,EÞ 5 space- and energy-dependent adjoint flux

qþð~r,EÞ 5 adjoint source space and energy distri-
bution function

and the angle brackets k�l signify integration over all energy
and space. This adjoint identity is valid for an arbitrary
adjoint source function.14 However, if the adjoint source
function is carefully chosen so that the left side of Eq. (2)
represents the response R in Eq. (1), Eq. (2) will have the
same form as Eq. (1) if the importance function Ið~r,EÞ is
defined as the exact solution of the adjoint transport equation
with that specific choice of the adjoint source function.

The SDDR caused by decay photons is defined as

SDDR ¼ ksdð~r,EpÞ,fpð~r,EpÞl , ð3Þ
where

sd 5 flux–to–dose rate conversion factor at the
position of the detector

fp 5 photon flux.

Using Eqs. (2) and (3) and setting the photon adjoint
source equal to sd leads to the following relationship for
the photon transport problem:

SDDR ¼ qþp ð~r,EpÞ,fpð~r,EpÞ
D E

¼ qpð~r,EpÞ,fþ
p ð~r,EpÞ

D E
: ð4Þ

Because the adjoint photon flux fþ
p ð~r,EpÞ in Eq. (4)

expresses the final SDDR caused by a unit photon source
at position ~r and with energy Ep, an approximate
deterministic estimate of the photon adjoint flux can be
used to speed up the MC photon transport calculation of
an SDDR problem.

In SDDR analyses, the neutron and photon calcu-
lations are separated by an activation calculation. Finding
the adjoint source of the SDDR neutron calculation is not
as simple as the photon calculation because the SDDR is
not directly caused by the neutrons but rather is caused by
the decay photons of the neutron-activated structural
materials. In the MS-CADIS method, we seek an adjoint
neutron source whose inner product satisfies the following
relationship for the neutron transport problem:

SDDR ¼ qþn ð~r,EnÞ,fnð~r,EnÞ
� �

¼ qnð~r,EnÞ,fþ
n ð~r,EnÞ

� �
, ð5Þ

where

aFor simplicity, all the distributions were assumed to be isotropic,
but the derivation can be generalized to include the angular
variation in a straightforward way.
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qn 5 neutron source

fn 5 neutron flux

qþn 5 neutron adjoint source

fþ
n 5 neutron adjoint flux.

While it may seem counterintuitive to set the neutron
adjoint identity to be equal to a photon response, this leads
to the development of an importance function that
represents the importance of the neutrons to the SDDR.
From Eqs. (4) and (5), it is clear that the MS-CADIS
adjoint neutron source will satisfy the integral equation

qþn ð~r,EnÞ,fnð~r,EnÞ
D E

¼ qpð~r,EpÞ,fþ
p ð~r,EpÞ

D E
: ð6Þ

If a relationship between the photon source and the
neutron flux can be determined, then an adjoint neutron
source whose inner product satisfies Eq. (7) can be found.

The photon source can be calculated using a
deterministic neutron transport calculation followed by
an activation calculation, but finding the relationship
between the photon source and the neutron flux requires
considering all neutron transmutation interactions that
affect the radioisotope inventory. The exact equation
describing the radioisotope inventory as a function of the
neutron flux is rather complicated.15 However, a simple
relationship between the photon source and the neutron
flux can be derived using quantities calculated by a
deterministic neutron transport calculation followed by an
activation calculation.

At the end of a fixed irradiation and decay scenario,
the photon source that originates from the decay of
different radioisotopes can be represented by

qpð~r,EpÞ ¼
X
i

mið~rÞf iðEpÞ , ð7Þ

where

mi 5 mass of each radioisotope i at the end of the
scenario

f iðEpÞ 5 spectrum of one mass unit of radioisotope i.

If the scenario starts from a clean inventory of stable
isotopes and we assume the neutron flux during irradiation
does not change due to changes in the radioisotope
inventory, mið~rÞ can be expressed as the sum of each mass
portion of radioisotope i created due to an interaction x
with a stable or an activated isotope and the decay or the
depletion of the result of this interaction.

By substituting Eq. (7) into Eq. (6) and changing the
order of integration, it can be shown that the following
adjoint source satisfies the integral relationship of
Eq. (6):

qþn ð~r,EnÞ

¼
X

t

ð
Ep

f iðEpÞfþ
p ð~r,EpÞdEp£

X
x
mixð~rÞ sxiðEnÞ

sxið~rÞft
nð~rÞ

 !
:

ð8Þ

Note that the following expression was used to facilitate
the derivation:

mið~rÞ ¼
X
x

mixð~rÞ
Ð
En
sxiðEnÞfnð~r,EnÞdEn

sxið~rÞft
nð~rÞ

, ð9Þ

where

mixð~rÞ 5 mass at the end of the scenario of each
radioisotope i that was originally created
by the interaction x at ~r

sxiðEnÞ 5 energy-dependent microscopic cross sec-
tion of the interaction x that leads to the
creation of the radioisotope i or its
precursor

ft
nð~rÞ 5 total flux at location ~r

sxið~rÞ 5 one-group cross section of sxiðEnÞ that
uses fnð~r,EnÞ as the collapsing vector.

Equation (9) represents this mass conservation multiplied
by the same interaction rate per atom in the numerator and
the denominator. If the irradiation scenario starts with an
initial radioisotope inventory, this initial inventory should
not be considered in the masses calculated in Eq. (9)
because it does not appreciably affect the space and
energy distribution of the neutron adjoint source.

Determining all of the interactions that cause the
creation of each radioisotope may not be simple. Isotopes
produced by activation could absorb neutrons and be
transmuted into other isotopes. Some activation products
may decay into other activation products, increasing the
amounts of the latter. Activation products with large
neutron absorption cross sections can be burned out
during exposure to neutrons and can change the
magnitude of the neutron flux, causing nonlinearity in
the neutron transport process. Not all of these factors need
to be considered in calculating the neutron adjoint source
of the MS-CADIS method because the importance
function needed for speeding up the MC calculation does
not have to use the exact adjoint solution. Additionally,
the activated structural materials in fusion energy systems
do not typically have very large neutron absorption cross
sections that can cause either a significant change in the
radioisotope inventory by irradiation of already activated
materials or a significant change in the flux. For SDDR
calculations in fusion energy systems, only the major
interactions that lead to the creation of radioisotopes that
contribute heavily to the SDDR need to be considered in
determining the neutron adjoint source. The adjoint source
defined by Eq. (8) can be approximated by considering
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only the interactions with initial stable isotopes without
considering interactions with activated radioisotopes.

The MS-CADIS adjoint neutron source defined in
Eq. (8) represents the SDDR resulting from the decay of
radioisotopes created through irradiation by a unit neutron
flux with energy En at location ~r. The intuitive response
function (adjoint source) for a neutron-only single-step
transport problem is the sum of macroscopic cross
sections of the interactions that produce radioactive

isotopes. A related factor in Eq. (8), mixð~rÞ sxiðEnÞ
sxið~rÞft

nð~rÞ
,

represents the microscopic cross section of the radioiso-
tope production reactions multiplied by the mass of each
radioisotope existing at the end of the scenario and
divided by the interaction rate with one atom. This is
proportional to the macroscopic radioisotope production
cross section weighted by the fraction of this radioisotope
existing at the end of the scenario. The additional
weighting function

Ð
Ep
f iðEpÞfþ

p ð~r,EpÞdEp represents the

importance of each radioisotope produced in region ~r to
the final SDDR.

The physical significance of the MS-CADIS adjoint
function can be understood by considering the SDDR at the
end of the irradiation and decay scenario caused by a unit
neutron source at ~r0 and E0, qn0 ¼ dð~r2 ~r0Þ dðE2 E0Þ.
The photon source resulting from the irradiation of this unit
neutron source can be represented as

qp0 ¼
X
i

f iðEpÞ
X
x

mixð~rÞ
  

£
Ð
En
sxiðEnÞGnð~r0 ! ~r,E0 ! EnÞdEn

sxið~rÞGt
nð~r0 ! ~r,E0Þ

!Þ , ð10Þ

where

Gnð~r0 ! ~r,E0 ! EnÞ 5 Green’s function neutron
transport kernel

Gt
nð~r0 ! ~r,E0Þ 5 neutron transport kernel inte-

grated over neutron energies.

By substituting Eq. (10) into Eq. (4), the SDDR caused by
irradiation of this unit neutron source can be expressed by

SDDR0¼
X
i

ð
V

ð
Ep

f iðEpÞfþ
p ð~r,EpÞdEp

0
@

£
X

x
mixð~rÞ

Ð
En
sxiðEnÞGnð~r0!~r,E0!EnÞdEn

sxið~rÞGt
nð~r0!~r,E0Þ dV

!
:

ð11Þ

To find the MS-CADIS neutron adjoint flux fþ
n0

resulting from qn0 , the MS-CADIS neutron adjoint source
defined in Eq. (8) and the neutron flux kernel must be
substituted into the neutron adjoint identity represented by

the right equality of Eq. (5). It can be easily shown that
the MS-CADIS adjoint neutron flux in this case will be
equal to SDDR0 in Eq. (11). Therefore, the MS-CADIS
adjoint neutron flux represents the contribution of
neutrons produced at ~r0 and E0 to the SDDR that
represents the “final” response of the multistep simulation.
It is this physical interpretation that makes the MS-CADIS
adjoint neutron flux well suited for use in accelerating
SDDR MC neutron calculations.

II.B. Calculating SDDR Distributions Using MS-CADIS

The CADISmethod is effective in speeding up theMC
calculations of localized responses (e.g., flux, dose, or
reaction rate at a specific location). An extension of the
CADIS method, referred to as Forward-Weighted CADIS
(FW-CADIS), was developed to speed upMC calculations
of distributions (e.g., mesh tallies), as well as responses at
multiple detectors.16 The FW-CADIS method uses the
inverse of the responses calculated from a forward
deterministic calculation to weight the source of the
deterministic adjoint calculation. MS-CADIS can also be
used for speeding up MC calculations of SDDR distri-
butions using mesh tallies or multiple tallies at several
locations. Similar to the FW-CADIS method, the source
used in theMS-CADIS photon adjoint calculation should be
defined as the flux–to–dose rate conversion factors divided
by a deterministic estimate of the SDDR at the location of
each mesh tally element or at each point where the SDDR is
calculated.

II.C. Difference Between MS-CADIS and Global MC
Techniques

The use of global MC variance-reduction techniques,
including FW-CADIS, was suggested for the neutron MC
calculations of SDDR analyses.17 The goal of these global
MC variance-reduction techniques is to uniformly dis-
tribute the MC computational efforts throughout numer-
ous phase-space segments to calculate many MC tallies
with nearly uniform relative uncertainties. Even though
SDDR analysis requires the calculation of space- and
energy-dependent neutron fluxes, the goal of the analysis
is the accurate assessment of the final SDDR. Global MC
variance-reduction techniques will not focus MC compu-
tational efforts on calculating the production rates of
radioisotopes that will ultimately contribute to the SDDR.
The prohibitive computational costs of these approaches,
which increase with the overall problem size and amount
of shielding materials, inhibit their ability to accurately
predict the SDDR in fusion energy systems using full-
scale modeling of an entire fusion plant. Accurate full-
scale simulations are required in the design analysis of
fusion energy systems such as ITER to determine the
effects of important factors such as the cross talk between
the different ports on the SDDR behind the ports.18 The
full-scale calculation of the SDDR inside the ITER
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bioshield will require calculating the neutron fluxes in
,3.8 6 1010 space-energy mesh elements for cubic mesh
elements with a side length of 5 cm and 175 energy bins.b

Even with the unrealistic assumption of using absolutely
accurate neutron fluxes for applying global MC variance-
reduction techniques, the computational cost of an MC
calculation with nonzero MC scoring in all of these space-
energy elements will exceed tens of CPU-years. Contrary
to the global MC approach, the MS-CADIS method uses a
function that represents the importance of the neutrons to
the final SDDR or to the final SDDR distribution. This
ensures that the computational effort in the MC neutron
calculation is focused on the most important parts of the
problem, enabling accurate, large-scale three-dimensional
MC analyses of SDDR.

To illustrate the difference between the MS-CADIS
method and global MC methods, the neutron adjoint
sources created using the FW-CADIS and MS-CADIS
methods for a simple slab shield problem are shown in
Fig. 1. The maximum adjoint source strength of the
FW-CADIS method is at the far corners of the detector
side of the steel shield where the forward flux is minimal,
while the maximum MS-CADIS adjoint source strength is
at the center of the detector side of the steel shield because
the activated radioisotopes in this region have the greatest
contribution to the SDDR at the detector.

II.D. MS-CADIS Implementation

The R2S computational system is based on coupling
the activation and MC transport codes and libraries to
provide the neutron fluxes calculated from the MC
neutron calculation to the activation step and to use the
decay photon source in the photon MC calculation.
In addition to these calculations, MS-CADIS requires
performing the following steps:

step 1: a forward deterministic neutron transport
calculation to estimate sxið~rÞ and ft

nð~rÞ
step 2: activation calculations for each isotope at each
element of the deterministic mesh to estimate mixð~rÞ
step 3: an adjoint deterministic photon transport
calculation using an adjoint source equal to the
flux–to–dose rate conversion factors at the position of
the SDDR detector

step 4: an adjoint deterministic neutron transport
calculationwithanadjoint sourcecalculated fromEq. (8).

Using the CADIS method, the deterministically calculated
adjoint neutron and photon fluxes can be used to calculate
the source biasing and WW parameters to speed up the
R2S neutron and photon MC calculations.

Assuming all of the important radioisotope-producing
neutron interactions were accounted for in Eq. (8), the

quantity
mixð~rÞ

sxið~rÞft
nð~rÞ

, which primarily depends on the

mass of the initial stable isotope and on the irradiation and

Fig. 1. FW-CADIS and MS-CADIS adjoint sources.

bThe fine multigroup Fusion Evaluated Nuclear Data Library19

(FENDL) 2.1 that is typically used in fusion applications has 175
neutron energy groups.
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decay scenario, should not significantly change with the
magnitude and the energy distribution of the neutron flux.
The activation calculations in step 2 need to be repeated
only a few times with different neutron energy distri-

butions to calculate an appropriate value for
mixð~rÞ

sxið~rÞft
nð~rÞ

.

This value can be used for calculating the adjoint neutron
source at any location ~r.

II.E. Assessment of the Degree of Undersampling in MC
SDDR Calculations

As noted in Sec. II.C, MC calculations of energy-
dependent neutron fluxes throughout an entire geometry
are very difficult to complete for large and complicated
problems. The inability of the MC method to calculate
nonzero MC fluxes in all space-energy elements can cause
significant undersampling in SDDR calculations. How-
ever, not all of these elements are important to the SDDR
calculation. Elements with energies at which the cross
sections of the radioisotope-producing neutron transmuta-
tion reactions are very small, as well as elements that are
very far from the locations at which the SDDR is
calculated, will have only negligibly small contributions
to the SDDR at these locations. An assessment of the
importance of the elements with nonzero MC scoring (a
calculated MC result) is indispensable for evaluating the
reliability of MC SDDR calculations.

A deterministic approximation for the contribution of
each space-energy element to the SDDR at a certain
location can be estimated by multiplying the MS-CADIS
adjoint source strength at that element by the deterministic
neutron (forward) flux estimate at this element. The fraction
of nonzero-scoring elements important to the SDDR can be
determined by adding these SDDR contributions in all the
nonzero-scoring elements and dividing this sum by the
deterministic estimate of the total SDDR.This deterministic
approximation of the fraction of the SDDR response that
exists in nonzero-scoring space-energy elements can be
used as the reliability metric to determine the degree of
undersampling in SDDR calculations. This reliability
metric RM can be expressed as

RM ¼
X
ijkg

jnijkgfnijkgq
þ
nijkg

fnijkgq
þ
nijkg

, ð12Þ

where

fnijkg 5 neutron flux at the space-energy elements
ijkg

qþnijkg 5 neutron adjoint flux that is defined by Eq. (8)
at the same element

jnijkg 5 factor that is either one for nonzero-scoring
elements or zero for zero-scoring elements.

It is necessary to mention that the calculation of this
factor requires that the deterministic and the neutron MC

calculations use the same mesh. Interpolation techniques
will be needed if the deterministic calculations use a
different mesh than the one used for the neutron MC mesh
tally. If the calculation involves more than one SDDR tally,
each SDDR tally can have its own RM. Each RM will
require a separate neutron adjoint source function, qþn ,
representing the SDDR at the location of this tally due to a
unit neutron source at each space-energy element. For each
SDDR tally, a separate photon adjoint calculation has to be
performed using a photon adjoint source defined at the tally
location. By substituting the photon adjoint flux of each
calculation in Eq. (8), qþn can be calculated for each tally.

II.F. Uncertainty Propagation Using the MS-CADIS Method

A method that uses a single deterministic photon
adjoint calculation has been developed to estimate the
lower bound of the statistical SDDR uncertainty resulting
from statistical uncertainties in the photon source.20 This
method cannot be used directly in R2S calculations
without propagating the uncertainties in the neutron fluxes
into the activation calculations. However, using quantities
generated during the implementation of the MS-CADIS
method, one can derive an extension of this method to
calculate the SDDR uncertainties resulting from stochastic
uncertainties in the neutron fluxes.

In the R2S computational system, the total SDDR
uncertainty is expressed as

s2
SDDR ¼ s2

n þ s2
p : ð13Þ

The standard deviation sp, which reflects the stochastic
uncertainty of the MC photon transport simulation, can be
calculated during the MC photon transport calculation.
However, the SDDR uncertainty due to the neutron MC
calculation, sn, cannot be easily calculated. If the neutron
fluxes are calculated using a mesh tally, the total SDDR
uncertainty due to the uncertainty in the neutron MC
calculation can be expressed as

s2
n ¼

X
ijkg

›SDDR

›fnijkg

 !2

s2
ijkgþ2

X
ijkg,l

›SDDR

›fnijkg

 !

� ›SDDR

›fnl

� �
rijkg,lsijkgsl , ð14Þ

where rijkg,l is the correlation coefficient expressing the
correlation of fluxes at the space-energy elements ijkg and
l. Space-energy elements farther away from each other are
most likely uncorrelated ðrijkg,l ¼ 0Þ. Reference 20 states
that it is unlikely that any pair of elements has any degree
of anticorrelation ðrijkg,l , 0Þ. This is especially true in
the fixed-source shielding calculations of fusion energy
systems. A lower bound of sn can be found by setting
rijkg,l ¼ 0 for all space-energy elements in Eq. (14):
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s2
n ¼

X
ijkg

›SDDR

›fnijkg

 !2

s2
ijkg , ð15Þ

and an upper bound can be found by setting rijkg,l ¼ 1:

sn ¼
X
ijkg

›SDDR

›fnijkg

�sijkg , ð16Þ

which assumes perfect linear correlation between all
space-energy elements.

The first equality in Eq. (5) can be approximately
expressed in a discretized form as

SDDR ¼
X
ijkg

fnijkgq
þ
nijkg

, ð17Þ

where the MS-CADIS adjoint neutron source qþnijkg
represents the SDDR due to the neutron flux at space-
energy element ijkg. By differentiating this discretized
form, the lower bound in Eq. (15) can be expressed as

s2
nlower

¼
X
ijkg

qþnijkg
� �2

s2
ijkg , ð18Þ

and the upper bound in Eq. (16) can be expressed as

snupper ¼
X
ijkg

qþnijkg �sijkg : ð19Þ

Assuming the deterministic calculations use the
same mesh of the tallies of the MC neutron calculation,
Eqs. (18) and (19) can be used to estimate the statistical
uncertainties in the SDDR due to the statistical
uncertainty in the neutron MC calculation. However,
Eqs. (18) and (19) represent only lower and upper
bounds for the real uncertainty that lies between these
limits. In order to provide more accurate estimates of
the contribution of the neutron flux uncertainties to the
overall SDDR uncertainties, future work will explore the
degree to which the neutron flux space-energy elements
are correlated.

It is necessary to mention that these limits of
statistical uncertainties will be valid only if the statistical
uncertainties in the neutron MC calculation sijkg are
known for every space-energy element. The statistical
uncertainties of zero-scoring mesh tally elements are not
defined. Because SDDR MC neutron calculations often
have zero-scoring mesh tally elements, the calculation of
the uncertainties’ limits using Eqs. (18) and (19) should
be limited only to cases where the undersampling due to
the zero-scoring elements is very small. For these
calculations, the degree of undersampling can be assessed
using the reliability metric defined in Eq. (12).

This method is not directly applicable for more than
one SDDR detector because the calculation of the

uncertainty of each SDDR detector will require a separate
adjoint source function qþn . Each qþn can be calculated

according to Eq. (8) using a photon adjoint flux fþ
p

� �
calculated with a photon adjoint source defined at each
detector location.

III. ITER BENCHMARK PROBLEM

The preliminary demonstration of the MS-CADIS
problem used the ITER benchmark problem.13 This
problem was used to demonstrate the effectiveness of
the MS-CADIS problem in (a) speeding up the MC
SDDR calculations, (b) assessing the degree of under-
sampling in MC SDDR calculations due to the inability of
the neutron MC calculations to score in all space-energy
elements, and (c) calculating the SDDR uncertainties due
to MC uncertainties in calculating the neutron fluxes.
The model, which resembles the configuration and geo-
metrical arrangement of an upper port plug in ITER, is
shown in Fig. 2. It consists of a 700-cm-long cylinder
with a 100-cm radius. It has a central straight-streaming
path with a radius of 7.5 cm. A 48-cm-radius stainless
steel/water (80%/20%) shielding zone with a length of
210 cm surrounds the central streaming path. The outer
shielding zone is made of 100% stainless steel. It has a
rear 15-cm-thick stainless steel plate. A 2-cm straight gap
between the outer and inner shielding zones extends all
the way through the model. A large 325-cm-long cavity
runs between the back of the stainless steel/water shield
and the rear plate. A 14.1-MeV isotropic neutron source
with a thickness of 1 cm is represented by a disk region
placed at a distance of 10 cm from the front edge. The
SDDR is calculated using four tallies representing four
concentric annular disks, each 10 cm thick. All the disks
are placed in air at a distance of 30 cm from the rear plate.
The inner-outer radii of the disks are 0 to 15 cm, 15 to
30 cm, 30 to 45 cm, and 45 to 60 cm. Figure 2 also shows
the SDDR tally cells.

The source strength and irradiation history used
for the ITER benchmark problem are shown in Table I
(Ref. 21). The maximum source strength, 2.8 6 1019 n/s,
is calculated by scaling the neutron production rate
corresponding to the operation of ITER at 700 MW by the
actual loading received by the upper port plug.13 The
SDDR was calculated at the four tallies following 106 s of
decay after the last power step in the irradiation scenario.

III.A. Methodology

The SCALE 6.1 (Ref. 10) shielding analysis sequence
MAVRIC (Ref. 11) was used for the neutron and photon
transport calculations, and the ORIGEN code system12

was used for the activation and decay calculations in this
analysis. MAVRIC uses the discrete ordinates structured-
mesh code Denovo22 for the deterministic calculations
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and the multigroup MC code Monaco for the MC
calculations.11 A 200-neutron-group evaluated nuclear
data file (ENDF)/B-VII data library was used for the
neutron Monaco calculations, a 27-neutron-group
ENDF/B-VII data library was used for the Denovo neutron
calculations, and a 19-photon-group ENDF/B-VII library
was used for both the Monaco and the Denovo photon
transport calculations. The ORIGEN calculations used
the ENDF/B-VII decay data and 200-group ORIGEN
neutron cross sections based on the Joint Evaluated
Fission and Fusion File (JEFF)-3.0 special-purpose
activation files.

The semiautomated coupling between Monaco and
Denovo on one side and ORIGEN on the other side were
implemented using Python scripts. With a total of about
250 000 mesh elements, the element sizes varied between
1.5 and 5 cm in the radial directions (x and y) and between
5 and 10 cm in the axial direction (z). In each mesh
element, the material used for the Denovo and the

ORIGEN calculations was set to be the material present at
the center of the element in the Monaco model.

The SDDR calculations were performed using three
approaches. The first approach used analog Monaco
neutron calculations, the second used the standard FW-
CADIS method to accelerate the Monaco neutron
calculations, and the third used the MS-CADIS method.
All the calculations used the same running time (1 h) for
the Monaco photon calculations and used the same photon
importance map (WWs) based on the CADIS method.
The CADIS adjoint photon source was defined as a
rectangular parallelepiped surrounding the four tallies.
The side length of the CADIS adjoint photon source was
120 cm, and the height was 10 cm. The only difference
between the three approaches was the method used to
accelerate the Monaco neutron calculation. The use of
FW-CADIS as a reference in this analysis provides a
reasonable efficiency comparison with respect to other
global MC methods because it has been demonstrated that
methods such as FW-CADIS that use both forward and
adjoint estimates are more efficient in calculating more
uniform relative uncertainties across a global mesh tally
than other global MC methods that use only forward
estimates.23

III.B. SDDR Tallies

To assess the ability of each approach to reliably
calculate SDDR values, the time of the Monaco neutron
calculations was varied, and the SDDR was computed at
the four tally cells using each approach. Other than using
different neutron fluxes from the different Monaco
calculations, the parameters of the activation and the
photon transport calculations did not change in this

Fig. 2. ITER benchmark problem geometry and SDDR tallies.

TABLE I

Irradiation Scenario for the ITER SDDR Benchmark Problem

Source Strength (n/s) Duration Number of Pulses

1.071461017 2 yr 1
8.2561017 10 yr 1
0 0.667 yr 1
1.660761018 1.33 yr 1
0 3920 s 17
2.061019 400 s 17
0 3920 s 4
2.861019 400 s 4
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analysis. Figure 3 shows the SDDR values at the four
tallies as a function of the running time of the Monaco
neutron calculation. It is worth mentioning that the
absolute values of the SDDR tallies, which depend on
the mesh and the nuclear data libraries used in the
analysis, were not compared to the published results of the
ITER benchmark problem. However, this work is still
valuable in assessing the effectiveness of each approach
because the same mesh and the same nuclear data libraries

were used in all the calculations of the three different
approaches.

For each approach individually, the differences
between the maximum and the minimum SDDRs did
not exceed 12% after 2 days of running time for the
neutron Monaco calculations. However, SDDRs of the
analog cases were clearly undersampled, even after
32 days of running time, for the neutron Monaco
calculation.

III.C. Degree of Undersampling

To calculate the energy-dependent neutron fluxes
throughout the problem geometry, the Monaco neutron
calculation used a mesh tally with 4.844 6 107 space-
energy elements. In the Monaco neutron simulations, not
all the space-energy tally elements received scores. In fact,
the maximum fraction of the elements with nonzero MC
scoring, which indicates calculating a tally result in those
elements, was only 50.5% for all the Monaco neutron
calculations. The nonzero fractions of space-energy
elements are shown in Fig. 4 for the Monaco neutron
calculations with running times .4 days. The fractions
of the SDDR response that exist in nonzero-scoring
elements are also shown in Fig. 4. The latter response
fractions represent the reliability metrics, RMs, that were
calculated using Eq. (12).

For all the analog cases, the fractions of nonzero-
scoring elements were ,35%, and the fractions of the
responses in nonzero-scoring elements were ,60%. The

Fig. 4. Fractions of nonzero-scoring space-energy elements and
fractions of SDDR responses in nonzero-scoring space-
energy elements in the Monaco neutron calculations.

Fig. 3. SDDR estimates at the four tallies as a function of time
of Monaco neutron calculations.
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fraction of nonzero-scoring elements was ,15% to 20%
less with the MS-CADIS approach than with the standard
FW-CADIS approach. However, the response fraction in
the nonzero-scoring elements was greater by a factor of
between 0.3% and 0.9% with the MS-CADIS approach.
Even though the MS-CADIS method had fewer space and
energy elements with nonzero scoring than the FW-
CADIS method, the undersampling in the SDDR is lower
with the MS-CADIS method than with the FW-CADIS
method because the MS-CADIS method focuses the MC
computational efforts to increase the simulated neutron
population in the energy and space elements of higher
importance to the final SDDR.

III.D. Uncertainty and Figure of Merit

For all the cases in which the uncertainties in the
SDDR with the different approaches were compared, the
relative uncertainties in the photon Monaco calculations
did not exceed 1%. These uncertainties were not included
in the total SDDR uncertainties because the latter were
dominated by the uncertainties in the neutron Monaco
calculations. Figure 5 shows the upper and lower limits of
the uncertainties in the SDDR calculations for both the
standard FW-CADIS and the MS-CADIS approaches.

To determine these upper and lower limits, Eqs. (18) and
(19) were used to propagate the uncertainties in the
neutron fluxes to the uncertainties in SDDR. The upper
limit assumes a perfect linear correlation between the
space and energy mesh tally elements, and the lower limit
assumes no correlation between the mesh elements. For
the four SDDR tallies in each calculation, only one upper
limit and one lower limit for the uncertainties were
calculated in this analysis. This uncertainty estimate
represents the SDDR uncertainty at a detector enclosing
all of the tally regions (the CADIS adjoint photon source)
due to the uncertainties in the neutron Monaco
calculations.

Because the estimates of uncertainties are mean-
ingless for undersampled MC simulations, the relative
uncertainties were not calculated for the analog cases or
for the FW-CADIS and MS-CADIS cases with run times
of ,2 days for the Monaco neutron calculations. For a
Monaco neutron calculation that ran for 32 days, in which
the response fraction in the nonzero-scoring elements was
.99.5% for both the FW-CADIS and MS-CADIS cases,
the upper limit of the uncertainty was 16% less with the
MS-CADIS method than with the FW-CADIS method,
and the lower limit was 23% less. These limits correspond
to the increases in the MC figure of merit of between 43%
and 69% if the CPU times of the activation calculations
and the photon transport calculations are disregarded.
The MS-CADIS approach was previously shown to
enhance the efficiency of an SDDR calculation by a
factor of 500 compared to the standard FW-CADIS
approach.24 However, the standard FW-CADIS approach,
which tends to spend more computational effort in
simulating particles in the low-flux regions, is well-suited
specifically for the simplified example problem in this
study because the tallies were located at the regions of the
lowest flux values. Additionally, the cross sections of the
transmutation reactions with the highest contribution to
SDDR—namely, 59Co (n,c) 60Co, 181Ta (n,c) 182Ta, and
58Fe (n,c) 59Fe—are highest at low energies, where the
neutron flux values are the lowest.

IV. CONCLUSION

The MS-CADIS method was developed to speed up
SDDR MC calculations. The MS-CADIS adjoint neutron
source represents the SDDR resulting from decay of the
radioisotopes created through irradiation by a unit neutron
flux at a certain phase-space location. The MS-CADIS
adjoint neutron flux represents the contribution of
neutrons produced at a certain phase-space location
relative to the final. Therefore, this adjoint neutron flux
is well suited to speed up SDDR MC neutron calculations
using the CADIS methodology. The MS-CADIS adjoint
neutron source can also be used to assess the degree of
undersampling in SDDR calculations due to the inability
of the MC method of simulating particles in all the space

Fig. 5. Upper and lower limits of relative uncertainties in
SDDR calculations.

Ibrahim et al. THE MULTI-STEP CADIS METHOD FOR SHUTDOWN DOSE RATE CALCULATIONS

NUCLEAR TECHNOLOGY VOL. 192 DEC. 2015 11



PREPRIN
T

PREPRIN
T

PREPRIN
T

PREPRIN
T

PREPRIN
T

PREPRIN
T

PREPRIN
T

PREPRIN
T

and energy elements of the tallies of the MC neutron
calculation as well as to determine SDDR uncertainties
due to uncertainties in the neutron fluxes of the neutron
MC calculation.

The application of the MS-CADIS method to SDDR
calculations in fusion energy systems was tested using
the ITER benchmark problem. Compared to the standard
FW-CADIS method, the increase in the efficiency of
the SDDR neutron MC calculation due to the use of the
MS-CADIS method was between 43% and 69%. The
MS-CADIS method also increases the fraction of nonzero-
scoring mesh tally elements in the space-energy regions of
high importance to the final SDDR. It is worth mentioning
that the simplified problem used in this analysis does not
replicate the conditions of the large-scale problems that
motivated the development of the MS-CADIS method.
Important factors such as the cross talk between the
different ports in a fusion energy system cannot be
quantified by the analysis of such a small problem.
However, implementation of the MS-CADIS method in
the SCALE and the Automated Deterministic Variance
Reduction Generator25 (ADVANTG) code systems and the
demonstration using full-scalemodels of the ITER tokamak
system are currently under way.
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