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SUMMARY 

The goal of SHARP is to develop a suite of modern simulation tools for use on all 
reactor types of interest. Part of that desire is to build a heterogeneous neutron 
transport capability which gives accurate, detailed power distributions throughout the 
entire reactor core, of which we have focused our efforts on deterministic 
methodologies. The existing SHARP neutronics tool has demonstrated good accuracy 
when using conventional homogeneous modeling, but when applied on fully 
heterogeneous problems such as the Advanced Test Reactor (ATR) and Zero Power 
Reactors (ZPR), the results were not acceptable. These errors are primary attributable 
to the use of a three step cross section generation procedure (unit cell, lattice, and whole 
core). Given the success of the DeCART tool on thermal spectrum systems such as PWR, 
BWR, and VHTR, the subgroup methodology was identified as a potential means by 
which to resolve the cross section related problems in the NEAMS tools. The subgroup 
project in NEAMS is thus focused on creating a general purpose cross section 
methodology that is usable on both thermal and fast spectrum systems. 

The subgroup methodology is a well studied scheme appearing very early in the 
nuclear engineering literature. We investigated using the subgroup methodology as a 
potential means to handle fast reactor problems. A considerable amount of work was 
performed on the subgroup library software for NEAMS where several subgroup 
formulations were investigated. Further, while the subgroup method has been 
demonstrated to be accurate enough on several problems via our own experiences with 
DeCART, it is not clear what its accuracy will be on more complicated problems such as 
the ATR. 

In any case, one must have a capability to generate a library in which subgroup 
parameters can cover neutron spectrum characteristics of the reactor of interest. For 
better accuracy, we propose to use MCNP as an alternative pin-cell calculation means of 
generating the subgroup data and have developed a prototype code package to 
demonstrate the capability.  

With regard to fast spectrum systems, there are numerous concerns with the 
subgroup methodology in which the conventional Bondarenko iteration approach often 
used would not accurately handle the resonance interference effect that becomes more 
complex and important in a fast reactor. An alternative methodology involving the local 
escape cross section looks promising, but substantial research needs to be completed 
and a basic algorithm tested before success can be confirmed. 

Overall, the creation of a subgroup library application was not finished, primarily 
due to the fact that a bulk of the funding was moved into the next fiscal year. A better 
understanding of the underlying methodology was gained and a means by which to 
generate subgroup data was created. The work on the subgroup method for an 
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Application Program Interface (API) is thus not complete and can be expected to 
continue into the next year. 
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1 Introduction 
The goal of SHARP [1] is to develop a suite of modern simulation tools for use on all 

reactor types of interest. The basic goal is to reduce the uncertainties and biases in 
various areas of reactor design activities by providing enhanced prediction capabilities. 
For the fast reactor component, a high-fidelity deterministic neutron transport code 
named UNIC [2-3] was developed, now termed PROTEUS-SN2ND or SN2ND. The 
application scope of PROTEUS-SN2ND ranges from conventional homogenized assembly 
approaches to explicit geometry, time dependent transport calculations coupled to 
thermal-hydraulics and structural mechanics calculations for reactor accident 
simulations. The creation of a single solver that can perform all of these calculations and 
be competitive with the wide range of analysis tools already in use is somewhat 
formidable. 

While PROTEUS-SN2ND has demonstrated good accuracy for homogeneous fast 
reactor problems [4,5] and partially heterogeneous fast reactor problems [6], when 
applied on fully heterogeneous problems such as the ATR [7], the results were not as 
exemplary. Of course it is not the solver of the transport equation itself that introduces 
the large errors, but the multi-group cross section data the user feeds into the solver 
that is [7]. The fundamental problem in generating such data arises from the 
equivalence that is assumed to exist between the cross section generation step (i.e. 
lattice calculation) and the full core heterogeneous calculation. In a conventional lattice 
code, the cell intended for homogenization is chosen to be periodic or repeating in the 
domain. In the ATR, no such repetition exists and there is no equivalent homogenization 
approach to conventional methodologies. However, the partially heterogeneous ZPR did 
involve periodic surfaces [6] and the accuracy was observed to reduce incrementally 
with an increasing amount of spatial heterogeneity. This error was attributed to an 
incorrect spectrum in the heterogeneous full core calculation with respect to the lattice 
calculation used to generate the cross sections. A similar cross section generation 
process was used for ATR which also yielded poor results . 

It is from this point that we consider the DeCART [8,9] approach that is 
predominately used for thermal reactor systems. DeCART (and several others similar 
codes) merge the lattice calculation step with the whole core calculation in order to 
provide a full core heterogeneous solution. In general, for accurate thermal reactor 
calculations, one must have an accurate estimate of the continuous energy thermal 
spectrum to generate effective multi-group cross sections. Given that whole core 
continuous energy solutions are not practical, we are left with setting up a 
representative problem that can be used to generate the needed spectrum. DeCART 
relies upon the subgroup methodology [10] in which the subgroup parameters of 
individual isotopes are functionalized in terms of the background cross section and 
temperature in order to account for localized changes in spectrum due to material and 
geometry changes. The subgroup methodology is a well studied scheme, appearing very 
early in the nuclear engineering literature. The goal of the NEAMS subgroup work was to 
implement the subgroup methodology into solvers like PROTEUS-SN2ND. In addition, 
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we investigated using the subgroup methodology as a potential means to handle fast 
reactor problems. 

2 Subgroup Review 
The following derivation follows (paraphrases) what is described in the HELIOS 

methods guide [10] which is the most detailed description of the subgroup methodology 
found thus far. To begin, the energy variable is broken into three distinct ranges 
assuming the conventional multi-group methodology. 

( )
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( )
( )

1,

1,

1,

,
, , ,

,
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g ARR RR

g RR BRR

r
r E r
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∈
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 
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 


  (2.1) 

In this equation we see the angular neutron flux and three different ranges. ARR stands 
for the “Above” the Resonance Range that is in the energy range where fission neutrons 
are being emitted. RR stands for the Resonance Range where no fission neutrons are 
present (in most cases this includes a considerable portion of the unresolved resonance 
range). In general, RR is well above the thermal neutron range of the system. Finally, 
BRR is “below” the resonance range. This terminology is loosely defined and can be 
considered a reactor specific definition closely associated with how the slowing down 
equation is solved.  

2.1 Solution of the Slowing Down Equation 
Starting with the transport equation 

( ) ( ) ( ) ( )ˆ ˆ ˆ ˆ, , , , , , ,tr E r E r E S r EΩ⋅∇ Ψ Ω + Σ Ψ Ω = Ω
    , (2.2) 

we can write the typically termed slowing down equation as 

( ) ( ) ( )ˆ ˆ, ,t E E S EΣ Ψ Ω = Ω .  (2.3) 

The typical goal of the slowing down equation is to define effective multi-group cross 
sections 
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Σ Ω Ψ Ω
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∫

∫
 , (2.4) 

where it is not uncommon to expand the cross section into spherical harmonics to 
eliminate the explicit angular dependence. Using a super-position principle we can 
define a multi-group transport equation 

( ) ( ) ( ) ( ),
ˆ ˆ ˆ ˆ, , ,g t g g gr r r S rΩ⋅∇ Ψ Ω + Σ Ψ Ω = Ω

    ,  (2.5) 

where ( ),t g rΣ
  is actually inferring a piecewise constant distribution with respect to 

some mesh or geometry. The solution of equation 2.5 should preserve the reaction rates 
at all points in space with respect to equation 2.2. 
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Equations 2.4 and 2.5 are in fact not valid since they are fundamentally tied to each 
other in that ( )ˆ,EΨ Ω  must be representative of ( )ˆ,g rΨ Ω

  and vice versa. The trick to 

the subgroup method is to assume that we can construct a sufficient representation in 
( )ˆ,EΨ Ω  that its inherent inaccuracy will not cause large errors in ( )ˆ,g rΨ Ω

  and thus 

the reaction rates we get by solving equation 2.5. Since the solution of ( )ˆ,EΨ Ω  is highly 

dependent upon the geometry and mixture of materials, one should be careful in how 
equation 2.3 is solved. For thermal systems, experience shows that ARR and BRR can be 
treated with a simple scheme while RR must have a rigorous treatment to account for 
the geometric locations of materials and interactions between the various resonances. 

The typical requirements placed upon equation 2.3 (depletion) are the generation of 
microscopic rather than macroscopic cross section data which redefines equation 2.4 as 
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To begin, the top portion of equation 2.6 is called the resonance integral (RI) and will be 
tabulated. 

( ) ( )
1

,
ˆ ˆ, ,
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RI E E dEdσ
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= Ω Ψ Ω Ω∫ ∫ .  (2.7) 

2.2 The Subgroup Method 
 The subgroup method was developed by observing that the flux within the 

energy group could be expressed as a function of the absorption cross section rather 
than energy.  

( ) ( ),
ˆ, A gE φ σΨ Ω → .  (2.8) 

We can thus separate the total absorption cross section for a given isotope in a given 
energy group into the component coming from the resonances ,ˆ A gσ  and the smooth 
absorption ,A gσ  such that we define  

, , ,ˆA g A g A gσ σ σ= + .  (2.9) 
Focusing on the resonance absorption, we can transform equation 2.6 into 
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over a given resonance which we can approximate using 
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, , , ,
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∑
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The basic idea is to break up all of the resonances within a given energy group of 
interest into a set of cross section levels , ,ˆ A g nσ  and weights ,g nw  as seen in Figure 1 
where the weights are chosen to produce ,ˆ A gσ . 

 
Figure 1. Integration Scheme for Representing a Cross Section 

From here the derivation is a bit complicated and we skip to the conclusion that the flux 
solution within the resonance in the energy group can be related to the background 
cross section such that we can write  

, ,
,

, , , ,

ˆ
ˆ

B g n
g n

A g n B g n

σ
φ

σ σ
=

+
.  (2.12) 

The intent of course is to use this in equation 2.11 such that we can define 
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−
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.  (2.13) 

One should consult the HELIOS manual to understand the transition from equation 
2.11 to 2.13, noting that the other quantities in equation 2.13 are dependent upon 
temperature. Of course all this is really saying is that one must now compute an 
appropriate background cross section. The background cross section is nice because it 
was observed to vary slowly within the energy group regardless of the resonances 
within the energy group. The background cross section in the subgroup method is 
computed by merging the results of M transport calculations which are created based 
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upon the levels ,g mσ . In DeCART, at most four levels of ,g mσ  are used to represent any 
given energy group (as in four levels in Figure 1). The transport equation given by 
HELIOS is 

( ) ( ) ( ) ( ) ( ), , , , ,
ˆ ˆ ˆ, ,g m g m P g g m P gr r r r rλ λ Ω⋅∇ Ψ Ω + Σ + Σ Ψ Ω = Σ 

     , (2.14) 

where the new terms in equation 2.12 for some mixture in the domain are defined as 
follows:  

, , ,P g i P g i
i isotope

Nλ λσ
∈

Σ = ∑ ,  (2.15) 

( )

( )

, , ,

, ,
, , ,

ˆ
i A g i
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g m g m

A g representative

N RI T

RI T
σ

∞
∈

∞

Σ =
∑

,  (2.16) 

and  

( ), ,
ˆ,g m g md r mixtureϕ = Ω Ψ ∈ Ω∫

 .  (2.17) 

The basic idea is that we can compute a normalized flux quantity with respect to 
some source. The source in equation 2.12 is provided in the data library which is derived 
from the resonance scattering probability, , ,P g iσ , over the entire energy group and the 
distinction between a narrow or wide resonance, λ . It is sufficient to say that values of 

, ,i P g iλσ  are provided in the dataset and thus pre-computed for the specific reactor type 
of interest and the geometry expected therein. The “representative” notation will be 
described later while ( ), ,g iRI T∞  represents the resonance integral defined earlier in 
equation 2.7, but for each isotope in the mixture at infinite dilution. Note that it can be 
interpolated with respect to temperature. 

Given the solutions, ,g mϕ , from equation 2.17, we can construct a background cross 
section within each group and mixture using: 

, ,
, ,

,1
g m g m

B g m
g m

ϕ
ϕ

Σ
Σ =

−
.  (2.18) 

This is of course only valid for the “representative” classification as seen in equation 
2.16. We can also compute an equivalence cross section (i.e. equivalence theory cross 
section) as: 

, , , , ,E g m B g m P gλΣ = Σ − Σ .  (2.19) 
We can manipulate equation 2.19 using the atom density of the isotope of interest and 
total mixture atom density to define an isotopic equivalence cross section 

, , , , , , ,E g m i B g m P g iσ σ λσ= − .  (2.20) 
Similar to , ,i P g iλσ , values of , , ,ˆ A g n representativeσ  are given for each isotope in each energy 

group for a set of n levels, but only for those isotopes designated as “representative” or 
, , ,ˆ A g n representativeσ . Equation 2.20 gives us m distinct values of , , , ,E g e m representativeσ  which are 

relative to the library specified values of ,ˆg mσ . We can assemble this into a “table” of data 
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from which one can interpolate the n distinct values of , , ,ˆ A g n representativeσ  and thus 

, , , ,E g e n representativeσ . Note that this is actually done using ( ), , ,ˆln A g n representativeσ  rather than 

, , ,ˆ A g n representativeσ . To be more explicit we can write (rep=representative) 
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 
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To resolve the full set of isotopic quantities, HELIOS suggests using an interpolation 
formula as shown in equation 2.22. 
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σ σ∞
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Rewriting equation 2.13 in terms of each isotope, we get the final relationship as shown 
in equation 2.23. 
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where the background cross section is computed using 

, , , , ,B g n E g n P gλΣ = Σ + Σ .  (2.24) 
This expression is of course for the "absorption” cross section and we need an additional 
one for the fission cross section. In that case we repeat the above methodology using a 
different set of levels ,ˆg mσ  and weights , ,g n iw . The library actually infers separate 
calculations to construct non-smooth capture and fission cross section data as one 
would expect. 

Of course equation 2.23 cannot be the final result as we must account for self 
shielding between different isotopes in the mixture. In DeCART a Bondarenko iterative 
scheme is used. To begin, the isotopic cross section data defined in equation 2.23 is only 
considered to be the initial estimate such that we desire the cross section: , ,

K
A g iΣ . For 

each Bondarenko iteration we can compute the cross sections 

, , ,
ˆ ˆk k

A g i A g i
i

N σΣ = ∑   (2.25) 

and 

, , , ,
ˆ ˆk k

A g i i A g iN σΣ = .  (2.26) 
For each isotope within each iteration, we compute 1

, ,
k
A g i

+Σ  using 
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( )
, , , , , , , ,1
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⋅Σ ⋅Σ
Σ = ⋅

− ∆ΣΣ + Σ − Σ + Σ
∑ . (2.27) 

Note that we also track the total change made to the absorption cross section in 
equation 2.26 defined as 

( )
, , , , ,1

,
, , , , , , , , ,

ˆ

ˆ ˆ ˆ
g n i C g n ik

C g k k
i n C g n i C g C i g E g n i

w+ ⋅Σ
∆Σ =

Σ + Σ − Σ + Σ
∑∑ ,  (2.28) 

which is initialized to zero. 

Convergence of equations 2.27 and 2.28 is defined as 
1

, , , , 5
1

, ,

ˆ ˆ
max 10ˆ

k k
A g i A g i

k
A g i

+
−

+

Σ − Σ
≤

Σ
  (2.29) 

which clearly is assumed possible in the current algorithm. Given a converged set of data 
in equations 2.26 and 2.27, we can calculate the macroscopic components using 

, ,
, , ,

ˆˆ ˆ 0.0
0.0

K
K A g i

C g A g i
isotope

true
false

 ΣΣ = Σ > 


∑ .  (2.30) 

2.3 Modifications in DeCART 
DeCART deviates from the above HELIOS specified approach in many ways. To begin, 

we replace equation 2.14 with  

( ) ( ) ( ) ( )( ) ( ) ( ), , , , , , ,
ˆ ˆ ˆ, ,g m T g m PS g P g g m P gr r r r r rλ λΩ⋅∇ Ψ Ω + Σ − Σ + Σ Ψ Ω = Σ

      , (2.31) 

where , . , ,T g m g m PS gΣ = Σ + Σ . psΣ  is the resonance scattering defined as 

, , , , ,PS g PS g i i PS g representative
i i

N σΣ = Σ =∑ ∑ .  (2.32) 

,P gλΣ  and ,g mΣ  were defined earlier in equations 2.15 and 2.16 but are replaced with 
equations 2.33 and 2.34, respectively. 

, , ,P g i P g representative
i isotope

Nλ λσ
∈

Σ = ∑ ,  (2.33) 

( )
( )

( )
( )

, , ,
,

, ,
, , , ,

ˆ
i A g i mesh g m meshi

g m g m
A g representative mesh g m average

N RI T w T

RI T w T
σ

∞

∞

⋅
Σ = ⋅

∑
. (2.34) 

Note that the usage of the weights is not consistent with the definition of m levels to 
build a table and the n points we desire to interpolate from that table, but there are two 
sets of weights provided in the data library of which both are used. In this case, we know 
the mesh point temperature meshT  and can define an average temperature averageT  (say 
temperature of fuel in a fuel assembly or core) and an average temperature in the local 
cell localT  (say over a single fuel pin). 
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The next major change occurs in the definition of equations 2.18 and 2.19 which uses 

, ,20
, , 11 10

0.0

m
P g g m

mE g m m

true

false

ϕλ
ϕϕ −

 − Σ + Σ −Σ = − > 


 (2.35) 

to construct the table of data defined earlier in equations 2.20 and 2.21. Of course the 
interpolated quantity is also modified where we use equation 2.22 

( )
( )

( )
( )

, , ,
, , , ,

, , ,
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A g n i g n

a g i local n average

RI T w T

RI T w T
σ σ

∞

∞

= ⋅ , (2.36) 

along with the table itself  
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where the new constants in the table are defined as: 

( )
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w T
= .  (2.38) 

This produces n points where the table of weights ( ), , , , ,e g n local e g n localw w T→  and 

( ), , , , ,e g n average e g n averagew w T→  are constructed simultaneously. 

As one would expect, the Bondarenko iteration is also modified such that we use 
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and  

( )
, , , , , ,1

,
, , ,

, , , , , , , , ,
, , ,

ˆ

ˆ ˆ ˆ
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w
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∑∑ , (2.40) 

2.4 The Subgroup Solution Algorithm 
In the above methodology, the subgroup algorithm is a little hard to follow and 

requires the explanation of representative and category at this point. Given that many 
isotopes appearing in reactors have resonances, one can imagine that at a minimum a 
series of fixed source calculations should be done for each isotope if the resonances are 
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independent. However, the combined set of resonances actually overlap and this is 
accounted for in HELIOS by specifying categories within which the isotopes are lumped 
into resonance sets. In each resonance set, the isotopes are bunched together based 
upon the idea that the resonances are either not overlapped or they are overlapped, but 
not necessarily of equal strength (i.e. one isotope resonance dominates the overlapped 
resonances from a bunch of isotopes).  

As an example, the first category in HELIOS assumes that all of the isotope 
resonances are overlapped, but that there are dominate isotopes which are termed 
“representative” which is obviously a subset of the full set of isotopes. All isotopes are 
re-indexed in terms of the representative ones as mentioned in the above formulation. 
The next HELIOS category separates the heavy metal isotopes (first resonance set) from 
the non-heavy metal isotopes (second resonance set) where again a set of 
representative isotopes are chosen for each resonance set. This manner continues and 
HELIOS is found to define nine such categories with different numbers of sets. 
Consistent with the first category, the last category treats each isotope independently 
and thus each is an individual resonance set. This would be rather expensive as outlined 
below and is thus rarely used.  

After discussing with various DeCART users, the existing LWR and VHTR toolset is 
almost exclusively using the sixth category, which appears to be most accurate. This is 
likely consistent with the way in which the data was generated. In the sixth category, 
there are three resonance sets: 1) U238+Th238, 2) remaining heavy metal isotopes, 3) 
all non-heavy metal isotopes. For each resonance set, the representative notation above 
suggests that a separate set of fixed source calculations should be performed.  

With this last piece of information, one can perceive a flowchart of how the subgroup 
methodology would be implemented which we depict in Figure 2. 

3 Subgroup Software Development 
The primary issue with using the subgroup methodology is that different 

applications need the cross section data for different purposes such as kinetics (or 
dynamics), depletion, and simple steady state solution schemes, etc. While there is a 
transport solver of some form used in each of these parts, it is only concerned with the 
resulting macroscopic quantities which is a small part compared with the needs of a 
depletion tool which needs microscopic quantities such as ( )238 , 2U n nσ . Given that both 
are dependent upon the above cited data, it seems wise to store that data in a way that 
does not impact the performance of the transport solver (i.e. suck up usable memory). 
However, the fact that the subgroup methodology is quite complicated, one has to 
question the wisdom of multiple independent parties programming the various 
algorithm incarnations and dealing with the cross section data in their own ways. One 
specific issue is the obvious definition of a subgroup formulation of which we have 
shown two above and a third technically exists in DeCART for the VHTR. 
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Figure 2. Subgroup Algorithm for Computing Microscopic/Macroscopic Data 

3.1 Preliminary Subgroup Application Programmer Interface Design 
The primary work on this task in the subgroup work was moved into FY13 in 

response to the budget reductions expected in FY13. Most of what follows is just initial 
planning on the subgroup Application Programmers Interface (API) noting that most of 
the work on the subgroup methodology was spent on a literature survey of the subgroup 
methodology, investigating the modifications made to it in DeCART, and researching on 
applications of the subgroup methodology to fast spectrum systems. 

From a naïve programmer’s point of view, the subgroup algorithm can be viewed as 
a set of functions which require user input to produce the desired output for a targeted 
work scope (i.e. depletion, kinetics, etc…) with specific considerations to performance 
(memory usage). The output from the set of functions is identical and independent of the 
subgroup method itself although how it is used and maintained internal to the set of 
functions might be different depending upon the targeted usage (depletion, kinetics, 
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subgroup methodology to be a piece of software within which we can contain the mess 
of gibberish that is the subgroup methodology and assume the application developer 
understands how to interface with the software. 

The input for an API begins by defining the geometry and a list of compositions made 
up with isotope data stored on the data file. The most general case is to assume the 
domain has E distinct elements with C unique compositions and a mapping between 
each element and its assigned composition. Because the above cited algorithm requires 
interpolation of temperature, we must assume at a minimum that within each element 
we know the temperature. Depending upon the transport solver, it may prefer to work 
with cross section data on a coarser grid such as the composition basis, C, or some other 
intermediate macro-region basis, R. The API input would thus contain: 

E  Number of elements in the geometry 
R  Number of macro-regions in the geometry 
C  Number of unique compositions in the geometry 
FT  Flag indicating how the transport data is stored 
FS  Flag indicating how the data should be stored internally 
FM   Flag indicating how the memory should be managed internally 

We must also expect that the set of functions should work with existing element-wise 
mapping data provided by the user such as Composition(E) and MacroRegion(E). 

One rather tricky issue to consider is how to handle the composition information. In 
practice, a depletion and kinetics code is going to need to know the isotopic breakdown 
of information while a transport solver does not. As a consequence, the individual 
developer would prefer that the software be able to interface with the existing data 
structures in each specific code rather than duplicating the detailed isotopic breakdown 
of each composition or requiring changes to each code. The same question arises with 
how the macroscopic cross section data and the microscopic data is internally managed 
and transferred to the connecting solver. Of course, if these data structures and the 
necessary functions are exposed to the user, it might not be too severe of a modification 
compared with the concerns of duplicating data. So in a sense, while an object orientated 
coding approach presents itself, it might require onerous changes to an existing 
transport code that will not be easy to implement. 

Figure 3 shows the simplistic setup of the software where much of code functionality 
has not been displayed. Note that the impacts of energy (group) parallelization is not 
observable but it will affect the way the subgroup methodology is constructed.  
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Figure 3. Subgroup Software Outline. 

4 Fast Reactor Application of the Subgroup Methodology 
The subgroup method was originally devised for use in fast spectrum systems, but it 

has found its greatest use in thermal systems. This is primarily due to the fact that the 
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molten salt, etc.). One code that does use the subgroup method is ECCO which is part of 
ERANOS [11]. After reviewing the literature, the subgroup formulation in ECCO is 
basically the same methodology as employed for the thermal systems, but it does use 
much more resonance groups than that observed with the thermal libraries.  

A simple observation with ECCO is that it is accurate when used for compositions 
that are “close” to conventional fast reactor compositions with ~20% enriched fuel, but 
it can be considerably in error for compositions that are substantially different (~50% 
enriched). As a comparison point, the MC2-3 methodology [12] is more rigorous in 
solving the slowing down equation and does not display the same behavior. This would 
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mistake with the data library and the user. As an example, the same error growth has 
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been observed with DRAGON [13] and SCALE [14] when the fuel enrichment is 
substantially far from the typical PWR or BWR composition.  

This type of behavior is consistent with the subgroup methodology because there 
can be multiple mixtures of materials that give the same background cross section. In 
such a circumstance, the component capture and fission cross sections can be erroneous 
because of inappropriate self-shielding which is handled during the library generation 
and not during the code execution. These cross section errors lead to inaccurate flux 
solutions in the whole core calculation, which is the reported behavior, but the 
fundamental issue is that the library usage is invalid and not the subgroup methodology. 

To address this issue, one can understand how it can become necessary to build a 
cross section for specific use on a targeted reactor design (and the compositions 
therein). In a sense, this is equivalent to building a specific purpose multi-group library 
which is consistent with the modern concept of using deterministic transport 
methodologies to solve reactor problems rather than a stochastic one. In reality, this is 
already being done in the lattice codes, which use one library to target PWR and BWR, 
another library for VHTR, and another for fast spectrum systems, etc. To build a library, 
one must setup a series of representative (pin-cell) problems with correct cross sections 
and temperatures and solve a detailed slowing down calculation (hundreds of thousands 
of groups). To date, the CENTRM code from SCALE has been used to generate the 
subgroup library for both a PWR and VHTR system, but its methodology is not 
appropriate for fast spectrum systems. Further, its overall usage is problematic as it is 
not clear how to even model the ATR when CENTRM can only treat 1D geometries. 
While we can propose the use of MC2-3 as an alternative for fast spectrum systems, it is 
not practical to include thermal spectrum treatments at this time. Given that the various 
reactor designs of interest and lack of a pin-cell geometry, we researched the use of 
MCNP as an alternative pin-cell calculation means of generating the subgroup data.   

4.1 Use of  MCNP for Reference Pin-Cell Calculations 
CENTRM only treats cylindrical geometries and uses the unresolved cross sections 

estimated from BONAMI while MCNP is obviously more flexible in terms of geometry 
and provides the most accurate unresolved resonance cross sections due to its 
continuous energy nuclear library. Figure 4 shows 72-group absorption cross sections of 
U-238 obtained from a VHTR pin cell calculation at 300 K using MCNP and CENTRM. As 
can be seen, the absorption cross section is considerably different with up to 15% error 
between MCNP and CENTRM. Clearly MCNP is the more accurate result and it is not 
necessary to state that an accurate cross section library is essential to obtaining accurate 
solutions in a whole-core calculation.  

Since DeCART already uses the subgroup methodology and is easy to manipulate, we 
chose to use it as our primary test bed although this does allow us to simplify several 
steps in the subgroup library generation (i.e. thermal PWR and VHTR applications). The 
initial procedure is illustrated in Figure 5, the GenACE code produces the NJOY inputs to 
generate two different sets of ACE libraries for each isotope (a normal set and a set 
without absorption cross sections) so that only an isotope of interest in a mixture 
includes absorption cross sections in the MCNP calculation.  
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Figure 4. 72-Group Absorption Cross Sections of U-238 for the VHTR Pin Cell  

The NJOY calculations are performed to produce multigroup cross sections 
independent of temperature and background cross section as well as the unresolved 
resonance cross sections as a function of temperature and background cross section. 
The MCNP calculations are then performed to provide the reference multigroup 
resonance integrals for a homogeneous mixture and a 1D pin cell geometry. Using the 
output from NJOY and MCNP, the GenCSL code generates the intermediate resonance 
parameter (λ), multigroup cross section, and subgroup parameter tables for all isotopes. 
GenCSL solves the 1D CPM or 2D MOC fixed-source problem and does the least square 
fitting to determine the subgroup parameters as a function of temperature and 
background cross section. 
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Figure 5. Generation Procedure for a Multigroup Subgroup Cross Section Library 
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4.2 Initial Thermal Reactor Tests 
A full set of 72-group multi-group cross sections and parameters for U-238 only 

were generated, using the new system to update the existing DeCART library with the 
new data. DeCART was then used to run a typical VHTR pin-cell problem using the 
modified library. As reference solutions, a MCNP calculation was performed for the same 
pin-cell case (a hexagonal fuel pin with U235/U238/O/C/Si surrounded by graphite), 
tallying the partial cross sections of U-238 and U-235 as well as the eigenvalue. 

Figure 6 shows comparison of 72-group absorption cross sections of U-238 between 
the old and new sets of U-238 and MCNP cross sections. Note that the old set of U-238 
data was generated via the CENTRM reference solutions. In the old set of U-238, one can 
observe a relatively large underestimation in the absorption cross sections above 100 eV 
and error cancelation below 100 eV where large resonances are present at 6.7 eV and 
20.8 eV. On the contrary, the new set of U-238 gives a comparatively better agreement 
with the MCNP cross sections than the old set.  

As can be seen, there is considerably more work to be done in creating a 
replacement, generic purpose tool with MCNP. The preceding results do indicate that the 
MCNP scheme might be sufficiently suited for use in complicated thermal systems such 
as ATR. Follow on work will focus on extending this work to consider all isotopes and 
defining a standardized MCNP output interface. 
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Figure 6. % Difference of 72-Group Absorption Cross Sections of U-238 between 

DeCART and MCNP for a Typical VHTR Pin-cell 

4.3 Fast Spectrum Methodology Development 
One of the weaknesses in the current subgroup method with respect to the fast 

system application is that the method relies upon the Bondarenko iteration to account 
for the resonance interference between different resonant isotopes. The Bondarenko 
iteration appears to work fine for a thermal system in which U-238 is a dominant 
resonant isotope, but it is not likely going to work well for fast spectrum systems that 
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are not dominated by U-238. The MC2-3 approach has significantly improved the 
accuracy of resonance self-shielding for fast spectrum systems, but it is limited to a 
simple 1D geometry. To account for the multi-dimensional geometry effect in resonance 
self-shielding, the extension of the methodology to the whole core level was considered. 
In this approach, the geometry-dependent background cross sections is first estimated 
by solving the following fixed-source transport equation in the whole-core level 

( )
1 1

( , ) ( ) ( ) ( ) ( , ) ( ) ( )
r rN N

i i i i i
g ag g pg g g pg

i i
r r r r r r rψ λ ψ λ

= =

Ω⋅∇ Ω + Σ + Σ Ω = Σ∑ ∑ , (4.1) 

where ( , )g rψ Ω  is the angular flux, rN  is the total number of isotopes in the region r , 
and ( )ag rΣ , ( )pg rΣ , and ( )g rλ are the absorption and potential cross sections and the 
intermediate resonance parameter, respectively. The flux solution is translated to the 
geometry-dependent background cross section egΣ  based on equivalence theory to get 
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where ( )g rφ  is the scalar flux.  

Unlike the subgroup method in which the level cross sections ngσ  are constant, the 
absorption cross section in the equation above should be dependent upon the resulting 
background cross section, and therefore a non-linear iteration is required until 
convergence is reached. This approach still applies the constant background cross 
section egΣ  to the energy range of the group g for resonance self-shielding whose 
accuracy is correlated with the number of energy groups selected in the whole-core 
calculation. To study this behavior, MC2-3 was modified to perform the iteration 
between the 1D fixed-source calculation and the resonance self-shielding.  

For the test problem, a cylindrical pin cell is used with three distinct regions 
(U235/U238/O, Cr/Ni/Fe, and Na). In the first fixed-source calculation, the infinite-
dilute total cross sections are used as neutron removal from group g , while the neutron 
source is known with the potential scattering ( )pg rΣ for group g and region r . Once the 
escape cross sections are determined by the equation 

( ) ( ) ( ) / (1 ( )) ( )eg ag g g pgr r r r rφ φΣ = Σ − − Σ , they are used to construct the narrow resonance 

flux,1/ ( ( ) )t egEΣ + Σ , for self-shielding unresolved and resolved resonances. Those 
resonance cross sections are plugged again into the fixed-source equation to update the 
escape cross sections. Figure 7 shows the convergence behavior of the escape cross 
sections from the fuel region (center) of the cylindrical unit-cell problem at selected 
resonance groups, in which the percent differences between the current and previous 
escape cross sections are plotted with iteration. As can be seen, the escape cross sections 
converge very quickly within three iterations. 
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Figure 7. Convergence of the Geometry-dependent Background Cross Sections of the 

Fuel Region (Center) for the 3-region Cylindrical Pin Cell Problem 

4.4 Forward Looking Fast Spectrum Research 
Due to the apparent problems with the subgroup method, the Tone’s method [15] 

was reviewed which is based on the collision probability method. By applying the 
narrow resonance approximation, the flux at region i  can be expressed as  
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where ( )jiP E  is the collision probably from region j  to i , ( )tj EΣ  and pjΣ  is the total and 
potential cross sections of region j , respectively, and jV  is the volume of region j . 
Separating out the resonant isotope r  of interest, Eq. (1) can be rewritten as  
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which can be expressed as  
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Using Tone’s approximation, ( ) / ( ) ( ) /g g
ji ti i ji tiP E E E PαΣ = Σ , and the additional 

approximation of , , ( )t k j EΣ  as , ,
g
t k jΣ , the background cross section above becomes a 

constant over group g  as 
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Then, the escape cross section of the resonant isotope r at region i can be simply 
determined by  

0
, , , , , , ,

eg g g
t r i r i t r i t k ik r

N σ
≠

Σ = − Σ∑ .   (4.7) 
The escape cross section is an isotope-dependent quantity but it becomes region-

dependent when the same isotope is not present at other regions. In addition, it is 
insensitive to the resonance interference effect. The current formulation for the escape 
cross section in MC2-3 has been replaced by equation 4.7. 

Since equation 4.6 is based on collision probability, it is very costly to apply it for the 
whole core calculation. However, it is possible to solve the following two fixed source 
problems for the resonant isotope r as proposed by Yu [16]  
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which allow to estimate the background cross section in equation 4.6 without using the 
collision probabilities as 
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Using equations 4.7 through 4.8, the escape cross sections can be determined by 
performing 2·N whole-core transport calculations where N is the number of resonant 
isotopes. One to two more iterations may be expected to have the total cross sections 
converged. 

For verification, several two-region and three-region cylindrical problems were 
constructed with typical fast reactor compositions. In particular, a three-region problem 
was established based upon the simplified Monju fuel compositions and given in Table 1. 
Note that in this test case U-238 is present in Regions 1 and 3, while Cr-52, Fe-56, and 
Ni-58 are only placed in Regions 2 and 3. 

Table 1. Specification of the Three-region Cylindrical Problem 
Case  Composition 

Region 1 (0.3cm) Region 2 (0.4cm) Region 3 (0.5cm) 
 
 

B1 

U-238 
U-235 
Pu-239 
Pu-240 
O-16 

1.5e-2 
4.0e-2 
3.0e-5 
3.0e-3 
1.0e-3 

Cr-52 
Fe-56 
Ni-58 

1.0e-2 
4.5e-2 
7.0e-3 

U-238 
Na-23 
Cr-52 
Fe-56 
Ni-58 

1.5e-2 
2.0e-2 
6.0e-4 
2.5e-3 
3.5e-4 

 

The ultrafine-group (UFG) cross sections self-shielded with the escape cross sections 
determined by the fixed-source transport calculation (denoted by FSP) were compared 
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with those calculated using the 1D hyperfine-group transport calculation. Figure 8 
shows the comparison between the self-shielded total cross sections with and without 
the escape cross sections for U-238 at Region 1 and Fe-56 at Region 2. As can be seen, 
the UFG cross sections self-shielded with the escape cross sections agreed well with the 
references. Further comparison tests will be performed with more difficult 
heterogeneous problems in terms of self-shielding. 
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Figure 8. Self-shielded UFG Total Cross Sections of U-238 (Region 1) and Fe-56 (Region 2) 

 

5 Conclusions 
A considerable amount of work was performed on the subgroup library software for 

NEAMS. While the subgroup method has been demonstrated to be accurate enough on 
several problems via our own experiences with DeCART, it is not clear what its accuracy 
will be on more complicated problems such as ATR. 

In any case, one must have a capability to generate a library in which subgroup 
parameters can cover neutron spectrum characteristics of the reactor of interest. For 
better accuracy we propose to use MCNP and have developed a prototype code package. 
Early demonstrations with that package indicate the inherent inaccuracy of using a 
deterministic slowing-down code, but MCNP is not a panacea given that the entire 
process is strongly based upon the “representative” geometry used to construct the 
library. 
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With	 regard	 to	 fast	 spectrum	 systems,	 there	 are	 numerous	 concerns	 with	 the	
subgroup	methodology.	Given	the	experience	and	background	knowledge	of	MC2‐3,	we	
modified	 it	 to	 execute	 several	 scoping	 study	 tests	 to	 understand	 the	 accuracy	 for	 fast	
spectrum	systems.	As	discussed,	the	conventional	Bondarenko	iteration	approach	often	
used	in	the	subgroup	methodology	is	not	accurately	handling	the	resonance	interference	
effect	that	becomes	more	complex	and	important	 in	a	fast	reactor.	Additional	research	
into	the	local	escape	cross	section	based	methodology	do	look	promising,	but	substantial	
research	needs	to	be	completed	and	a	basic	algorithm	tested	before	declaring	victory.	

Overall,	 the	 creation	 of	 a	 subgroup	 library	 application	was	 not	 finished,	 primarily	
due	to	the	fact	that	a	bulk	of	the	funding	was	moved	into	the	next	fiscal	year.	While	this	
did	 conveniently	 correspond	with	 the	budget	 troubles,	 the	 real	 issue	 is	 that	 a	 general	
purpose	 subgroup	 methodology	 is	 not	 apparent	 at	 this	 time	 due	 to	 the	 troubles	
encountered	 with	 the	 fast	 spectrum	 system.	 While	 a	 better	 understanding	 of	 the	
underlying	methodology	was	 gained	 and	 a	means	 by	which	 to	 generate	 cross	 section	
data	was	created,	the	definition	of	the	API	itself	remains	very	vague.	Consequently,	any	
API	created	today	would	simply	result	in	a	thermal	spectrum	only	methodology,	which	
is	not	the	goal	of	the	subgroup	API	task	in	NEAMS.	
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