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ABSTRACT 
 

Criticality accident alarm systems (CAAS) can be difficult to analyze because they consist of both 
criticality calculations and deep-penetration radiation transport calculations.  Radiation transport 
codes are typically optimized for one of these two aspects but not both.  A three-dimensional 
CAAS modeling capability within SCALE 6 has been created by linking the KENO-VI criticality 
code to the MAVRIC shielding sequence.  KENO-VI has been optimized for criticality 
calculations and used for more than 20 years.  MAVRIC (Monaco with Automated Variance 
Reduction using Importance Calculations) is a new sequence in SCALE 6 designed for radiation 
transport in deep-penetration problems.  MAVRIC contains features such as automated variance 
reduction and mesh tally capabilities, which are quite useful in CAAS modeling. 
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1. INTRODUCTION 
 
A wide variety of methods are currently used to calculate the response of criticality accident 
alarm systems (CAAS).  Fast, approximate techniques typically model the criticality source as a 
point source and make use of one-dimensional, point-kernel, or build-up factor approximations 
for estimating transport over long distances and through thick shielding.  Multi-dimensional 
discrete ordinates methods have been widely used [1,2] but require separate calculation of the 
critical system and the shielding systems as well as geometric approximations due to the 
orthogonal mesh. 
 
Standard Monte Carlo codes using detailed models and detailed physics can be used for more 
accurate radiation transport simulations compared to point-kernel or build-up factor codes but 
can suffer from the long run times required to calculate detector responses with reasonably low 
levels of stochastic uncertainty.  This is especially true for simulating systems that require tallies 
at many points, such as CAAS problems with multiple detectors.  Similarly, Monte Carlo codes 
can accurately model the complex geometry necessary for CAAS problems, but typical variance 
reduction techniques are tailored to criticality or shielding problems, and as a result, CAAS 
problems are broken into multiple steps which can be unnecessarily complicated. 
 
Many variance reduction methods have been used by Monte Carlo codes to reduce calculation 
times, but many of these involve iteration and a great deal of experience on the part of the user.  
Over the past decade, progress has been made developing hybrid methods that use approximate 
discrete ordinates solutions to generate space- and energy-dependent weight windows [3,4]—one 
of the most effective variance reduction techniques.  These hybrid approaches have been used to 
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greatly improve calculation times for challenging Monte Carlo problems and have been 
automated in MCNP (Monte Carlo N-Particle) [5] and the MAVRIC (Monaco with Automated 
Variance Reduction using Importance Calculations) sequence in SCALE [6]—reducing the 
burden on the user.  Both of these automated systems use the CADIS method—Consistent 
Adjoint Driven Importance Sampling—which forms an importance map and biased source 
distribution from the results of a coarse-mesh adjoint discrete ordinates calculation.  The 
ADVANTG (Automated Deterministic VAriaNce reducTion Generator) system uses the TORT 
(Three-Dimensional Oak Ridge Radiation Transport) SN code and MCNP.  The MAVRIC 
sequence in SCALE 6 uses the new functional modules Denovo, an SN code using a Koch-
Baker-Alcouffe parallel sweep algorithm and nonstationary Krylov methods, and Monaco, a 
derivative of the MORSE (Multigroup Oak Ridge Stochastic Experiment) multi-group Monte 
Carlo code with many additions and improvements.  MAVRIC is much more automated than 
ADVANTG and is continuing to be developed to add new capabilities. 
 
Recent work with MAVRIC has demonstrated [7,8] that an importance map and biased source 
distribution can be formed that will calculate multiple tallies or a large mesh tally with low 
relative uncertainties simultaneously.  This extension of CADIS uses the results of a forward 
discrete ordinates calculation to form the source for the adjoint calculation.  This approach, 
called forward-weighted CADIS (or FW-CADIS [9]), was implemented through the ADVANTG 
patch to MCNP5 and demonstrated the ability to calculate dose rates that ranged over 20 orders 
of magnitude across the various buildings of a pressurized-water-reactor (PWR) facility due to 
the operating reactor core [10].  In MAVRIC, the implementation of FW-CADIS has been 
completely automated.  MAVRIC calculations of neutron transport through a three-section 
concrete labyrinth using FW-CADIS compared well to experimental measurements [11].   
 
This paper details a new capability in SCALE 6 specifically made for simulating CAAS.  The 
KENO-VI criticality code produces a fission source distribution that can be used by the 
MAVRIC sequence.  The automated variance reduction in MAVRIC can transport these source 
particles through the critical materials and throughout the building, yielding an accurate 
simulation of CAAS problems in reasonable times. 
 

2. METHODS 
 
The CAAS capability in SCALE 6 is a two-step approach using KENO-VI and MAVRIC.  The 
first step is the determination of the source distribution, typically done with the CSAS6 
(Criticality Safety Analysis Sequence) control sequence, which uses the KENO-VI functional 
module.  Along with calculating the system keff, KENO-VI has been modified to accumulate the 
fission distribution over the nonskipped generations.  This information is collected on a 
three-dimensional Cartesian mesh that overlays the physical geometry model and is saved as a 
Monaco mesh source. 
 
The mesh source is then used in the second step as a source term in MAVRIC.  The absolute 
source strength is set by the user based on the total number of fissions (based on the total power 
released) during the criticality excursion.  Further neutron multiplication is prevented in the 
MAVRIC transport calculation.  If further fissions were allowed, Monaco would add neutrons to 
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its particle bank faster than they could be removed (since the system is near critical) and would 
never finish. 
 
The user can also tell MAVRIC to add fission photons to the mesh source, specifying which 
isotope to use for the multiplicity (photons per fission) and fission photon energy distribution.  
To correctly account for the number of source photons released per source neutron, the system 
ν (neutrons per fission) calculated by KENO-VI is used.  Measured data for real fission photon 
spectra are largely lacking.  The ENDF/B-VII.0 (Evaluated Nuclear Data File B, Version VII, 
Release 0) data include only 23 isotopes with fission photon data, listed in Table I.  These 23 
isotopes use one of five different emission distributions, which are shown in Figure 1.  Adding 
fission photons to the neutron source is optional — in modeling neutron-only detectors, adding 
and following the fission photons in the transport calculation would only slow things down.   
 
For the transport part, MAVRIC can be optimized to calculate one specific detector response at 
one location using CADIS or to calculate multiple responses/locations with roughly the same 
relative uncertainty using FW-CADIS.  For calculating mesh tallies of fluxes or dose rates, 
MAVRIC also uses FW-CADIS to help balance the Monaco Monte Carlo calculation such that 
low flux voxels are computed with about the same relative uncertainty as the high flux voxels.   
 
With this two-step approach, users will have a great deal of flexibility in modeling CAAS 
problems.  The CSAS6 step and the MAVRIC step could both use the same geometry and 
materials definitions or could have different levels of detail included in each.  For best results, a 
possible scheme would be to model the critical system geometry with only the closest 
surrounding materials but in fine detail.  The transport geometry could leave out small details but 
would include the large building-level components.  The fission source distribution from one 
CSAS6 calculation could be used in a number of different MAVRIC building/detector models, 
with each MAVRIC calculation optimized for a given type of detector. 
 
 

Table I.  Fission photon multiplicity and distributions in ENDF/B-VII.0 
 

ZAID mult. 

up to 
energy 

(eV) dist. ZAID mult.

up to 
energy 

(eV) dist.
92232 8.18 30000000 1 94239 7.7833 1090000 4
92233 6.31 1090000 4 94240 8.095 1090000 4
92234 8.18 30000000 1 94241 8.18 99990.01 1
92235 7.0437 1090000 2 94242 7.1 300000 5
92236 8.18 30000000 1 94243 8.18 20000000 1
92237 8.18 30000000 1 95241 7.1 30000000 3
92238 7.5326 30000000 1 95243 7.1 300000 5
92239 8.18 30000000 1 96242 7.1 300000 5
92240 8.18 30000000 1 96248 8.18 20000000 1
92241 8.18 30000000 1 98250 8.18 20000000 1
93237 7.17 549230 2 98251 8.18 20000000 1
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3. EXAMPLE PROBLEM 
 
Many critical experiments were performed at the Oak Ridge Critical Experiments Facility 
(ORCEF), Building 9213 of the Y-12 Site, in the 1950s.  The building contained two large 
experimental bays and a variety of detectors and alarm systems.   
 
To demonstrate the CAAS capability of SCALE, consider the following example problem based 
on one such critical assembly of an aqueous uranyl nitrate solution, described in the International 
Criticality Safety Benchmark Evaluation Project (ICSBEP) collection of benchmark problems 
[12] and shown in Figure 2.  It consisted of a 48 inch diameter, unreflected aluminum sphere 
filled with the 233U solution.  The goals of the experiment were to investigate the critical 
conditions for the solution and to determine the thermal value for the average number of fission 
neutrons emitted per thermal neutron absorption.  The experimental keff value was determined to 
be 1.0005 and the reported benchmark value for keff was 1.0006±0.0029.  Using KENO-V.a and 
the Hansen-Roach (16 group) cross sections, the evaluators calculated a value of 1.0079±0.0004.  
Using an ENDF/B-IV 27-group library, the evaluators calculated keff to be 0.9982±0.0004. 
 
For this example, assume a criticality excursion with the above critical experiment, involving 
1018 total fissions, occurring in the upper level of the west assembly area of the ORCEF.  This 
example will use one KENO-VI calculation to determine the fission distribution and three 
MAVRIC calculations to find (a) the total dose at the detectors in the lower level of the control 
room, (b) the total dose at the detectors in the upper level of the west assembly room, and (c) the 
total dose on a mesh covering the inside and the areas just outside the experimental bay.  
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Figure 1.  Five fission photon emission spectra  

contained in the ENDF/B-VII.0 data. 
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Figure 2.  Benchmark model of aluminum 

sphere containing uranyl nitrate. 
 
 
3.1  Part One – KENO Criticality and Fission Source Distribution 
 
The model used for the above experiment from ICSBEP [12] was converted to a CSAS6 model 
using the ENDF/B-VII 238-group library.  Just like the benchmark calculation, a total of 550 
generations were used with 50 skip generations and 2,000 source particles per generation.  The 
fission distribution was accumulated on a 13 × 13 × 13 mesh covering a cube of 122.022 cm 
surrounding the fissionable material.  Results from this five minute calculation are shown in 
Table II.   
 
 

Table II.  Results of the CSAS6 calculation 
 

Quantity Value Uncertainty 
keff best estimate system k-eff 1.00204 0.00050 
 ν system nu bar 2.49719 5.63E-07 

 
 
The calculated fission source distribution is shown in Figures 3 (spatial) and 4 (energy).  Note 
that in Figure 3, the fission spatial distribution shows some statistical noise.  Even though the 
value of keff has converged well, the numbers of fissions within each voxel of the grid have not 
yet converged.  Depending on how fine of resolution is used in the grid, the criticality calculation 
may need to be run longer in order to minimize the statistical variation in the computed mesh 
source. 
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Figure 3.  Fission source spatial distribution for the center horizontal slice.
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Figure 4.  Fission source energy distribution for the center voxel. 
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3.2  Part Two – MAVRIC Transport Calculations 
 
For the second part of the example problem, the critical assembly described above (Figure 2) can 
be placed inside a simple model of the west wing of ORCEF, shown in Figures 5 and 6.  Here, 
only the west assembly room and its control room are included.  Not included in this model are 
the offices, counting rooms, and another high bay (the east assembly room) that are located to the 
east (in the positive x direction).  This model is for demonstration purposes only—the 
dimensions are estimates based on old drawings contained in the ICSBEP files [13,14] and an 
Oak Ridge Associated Universities technical report [15].   
 
The walls, floors, and roof are modeled with concrete.  The floor dividing the upper and lower 
levels is a grated steel walkway, modeled here as steel with a low volume fraction (10 lb/ft2, 
which is a typical value for steel grate).  The steel grating is 12 ft above the concrete floor of the 
high bay.  A stairway in the northwest corner of the lower west assembly room is also modeled 
with steel grate.  Two tanks in the lower west assembly and two tanks in the upper west 
assembly are modeled as empty steel shells.  The lower tanks probably contained water used in 
the upper tanks for critical experiments.  In the wall between the control room and the west 
assembly high bay are four water-filled windows, one on the lower level and three on the upper 
level. No information was given in these references about the detectors, other than an 
approximate location shown on a building schematic.  The building sits on the side of a hill.  
Drawings hint that the hill slopes upward from the building’s ground level on the north side.   
 
The MAVRIC calculations used the fission distribution mesh source that was produced by 
KENO-VI.  For the transport, the new ENDF/B-VII.0 27n/19g shielding library [11] was used, 
and the 238-group fission source was translated automatically by MAVRIC.  The source strength 
was set to 6.99366 × 1014, which is 1018 fissions per incident multiplied by the system  and 
divided by 3600 s per h, so that the final tally results will be in rem per incident instead of the 
typical rem per hour when using source strength units of “per second.”  Fission photons were 
added to the source using the distribution for 233U.  The critical assembly model and the mesh 
source were placed about 160 cm above the steel grating floor of the upper level.  For the 
importance maps in each MAVRIC calculation, a coarse mesh of about 60 × 60 × 40 voxels was 
defined over the entire model.  The mesh planes included all of the significant material 
boundaries (walls, floors, tanks, etc.), planes to divide the source using the same spacing as the 
fission source distribution, and planes bounding the detectors (different in each case).   
 
3.2.1.  Lower level detectors 
 
For calculation of doses seen by the detectors on the lower level of the control room, MAVRIC 
was optimized for transport of neutrons and photons to these detectors.  First, MAVRIC used 
Denovo to calculate the adjoint fluxes from an adjoint source located over an area surrounding 
the three detectors using an energy spectrum corresponding to the flux-to-dose conversion 
factors for both neutron and photons.  This adjoint SN solution required 23 min.  From the adjoint 
fluxes, MAVRIC created the space- and energy-dependent weight window and source biasing 
parameters, which were then passed to the Monaco Monte Carlo code.  The Monaco calculation 
ran for 15 h, and the final doses at the detectors are shown in Table III. 
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Figure 5.  Model of the west side of the Oak Ridge Critical Experiments Facility,
with a cut-away view showing the upper level. 

 
 

 
Figure 6.  Model of the Oak Ridge Critical Experiments Facility west assembly and control 

room lower level (left) and upper level (right) showing the locations of the detectors. 
 
 

Table III.  MAVRIC results (15.3 h) for the 
lower control room detectors 

 
  Neutron Photon Total 

Detector 
Value Relative Value Relative Value Relative 
(rem) Uncertainty (rem) Uncertainty (rem) Uncertainty

west 6.42 1.5% 0.515 6.1% 6.93 1.5% 
center 4.97 1.6% 0.365 5.6% 5.34 1.6% 
east 4.28 2.0% 0.286 4.5% 4.57 1.9% 
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3.2.2.  Upper level detectors 
 
Table IV gives the results for the detectors on the upper level of the assembly room.  Similar to 
the calculation described in Section 3.2.1, MAVRIC used an adjoint source covering all three 
detectors, ran an adjoint SN calculation, constructed an importance map and biased source, then 
ran Monaco.  The Denovo adjoint calculation took 26 min and Monaco took 2.7 h. 
 
 

Table IV.  MAVRIC results (3.2 h) for the 
upper assembly room detectors 

 
  Neutron Photon Total 

Detector 
Value Relative Value Relative Value Relative 
(rem) Uncertainty (rem) Uncertainty (rem) Uncertainty

south 4.70E+03 0.9% 676 3.1% 5.38E+03 0.8% 
center 3.96E+03 0.9% 601 3.4% 4.56E+03 0.9% 
north 3.49E+03 1.0% 469 3.6% 3.96E+03 1.0% 

 
 
Note that the uncertainties for the photon doses are much higher than those for the neutron doses.  
This is because the simulation was optimized for the calculation of total dose and the photon 
component of the total dose is only about 1.5%.  Had a separate calculation been done that used 
an adjoint source of just the photon response, the photon dose rate uncertainties would have been 
much smaller but at the expense of the neutron dose rate. 
 
3.2.3.  Mesh tally of dose 
 
The FW-CADIS option in MAVRIC was used for the calculation of the dose everywhere inside 
the ORCEF west assembly and just outside the west assembly.  This option automatically did the 
following:  First, a forward discrete ordinates calculation was done to estimate the doses every-
where.  This was then used to weight the adjoint source strength, which was defined as a volume 
covering the building and the areas to the north, west, and south of the building.  Finally, the 
resulting adjoint fluxes were used to create an importance map and biased source which were 
then used by Monaco.  Calculation times for the MAVRIC components were 24 min for the 
forward Denovo, 24 min for the adjoint Denovo, and 15 h for Monaco.  The final mesh tally is 
shown in Figure 7.  The mesh tally was calculated with 91% of the voxels having less than 5% 
relative uncertainty.  If lower uncertainties were required, the Monaco calculation could be run 
longer.  FW-CADIS helps balance the calculation so that areas of high dose and low dose are 
computed with more uniform relative uncertainties.  Note that the shield wall on the south side of 
the assembly area is doing its job well—reducing dose to south side (where there is a road 
leading to the building entrance) by a great deal compared to the west side.  Most of the control 
room doses are between 0.1 rem and 1.0 rem. 
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Figure 7.  Mesh tally showing (top) the total dose (rem) from the incident at the level of the 

critical experiment and (bottom) the relative uncertainty in each voxel. 
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3.3.  Analog Calculation 
 
To show the effect of the automated variance reduction in MAVRIC, an analog calculation using 
the KENO-VI derived mesh source, but without any importance map or biased source 
distribution, was run for 181 h.   
 
Table V shows the total doses from the analog calculation.  For the detectors on the upper level 
(in the same room as the source), the total dose results matched reasonably well.  Relatively few 
particles were transported to the detectors on the lower level, with doses a factor of ~1,000 less 
than the upper level detectors.  The statistical uncertainties were too large to make a meaningful 
comparison to the CADIS dose results.   
 
 

Table V.  Analog results (181 h) for detector doses 
           

  Total Dose 
  Value Relative 

Level Detector (rem) Uncertainty 
lower west 2.1 17% 

center 2.0 32% 
east 2.6 29% 

upper south 5.95E+03 4.0% 
center 4.34E+03 4.5% 

  north 3.86E+03 4.7% 
 
 
The mesh tally also had difficulty calculating the low dose areas.  The large amount of statistical 
uncertainty is apparent in the contour plot shown in Figure 8.  Even after 181 h, only 15% of the 
voxels had less than 5% relative uncertainty.   
 
Using the standard Monte Carlo figure-of-merit (FOM), based on the relative uncertainty σ 
achieved in computational time T,    
                                                                                                                                                       

TFOM 2
1
σ=  

 
it is seen from the tables above that for the upper level detectors, using the CADIS option in 
MAVRIC resulted in an increase in the FOM compared to analog calculation by a factor of 
~1300.  For the harder problem of the doses at the lower level detectors, the statistical 
uncertainties the automated variance reduction increased the FOM by a factor of 1600-5000 
compared to the analog calculation.  This is typical of CADIS—harder problems benefit even 
more dramatically. 
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Figure 8.  Analog mesh tally showing (top) the total dose (rem) from the incident at the 
level of the criticality experiment and (bottom) the relative uncertainty in each voxel. 
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4. BENCHMARKING 
 
The components of the SCALE CAAS capability have been benchmarked against other, non-
CAAS applications.  KENO-VI has been validated and verified many times.  A representative 
example is a validation report [16] which calculates 163 experiments covered in the International 
Criticality Safety Benchmark Evaluation Project handbook and one mixed oxide with 
gadolinium poison experiment done at the Pacific Northwest National Laboratory.  Several 
reports of criticality safety validation are listed and available on the SCALE website [17].  
MAVRIC has been compared to several experiments [11] including simple spectral 
measurements from point sources inside spherical absorbers up to detailed measurements of 
neutron fluxes through a large concrete labyrinth. 
 
The next phase of work that needs to be done is to compare this new capability in SCALE to the 
current methods used for criticality accident alarm system analysis and benchmarking to 
experimentally measured results.  Since this new SCALE capability can model systems in full 
3D, it can be used to show that small details in the model can make big differences in the 
calculated detector response.  For the example described above, using a point source instead of 
the KENO-VI calculated fission spatial distribution reduces the neutron doses seen by the 
detectors by a factor of 100 and the photon dose by a factor of 20.  Using a point source and 
leaving out the materials of the critical assembly increases the detector doses by a factor of 20 
and 2 for neutron and photons.  Both of these bad approximations drastically change the relative 
amounts of neutron and photon dose at the detectors. 
 
 

5. CONCLUSIONS 
 
SCALE 6 has the capability to do detailed simulations of criticality accident alarm systems.  The 
automated variance reduction capabilities of the MAVRIC radiation transport sequence allow for 
the full three-dimensional analysis of CAAS problems in reasonable amounts of computer time.  
This advantage in speed also allows for the use of the three-dimensional fission source 
distribution that can be determined by the KENO-VI criticality code.  The fission spatial/energy 
distribution and the critical assembly itself can be included in the transport model. 
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