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INTRODUCTION 

 
The vessel integrity analysis program to assess 

radiation-induced embrittlement of the High Flux Isotope 
Reactor (HFIR) vessel, requires the calculation of neutron 
and gamma displacements per atom (dpa) at high 
radiation-streaming locations adjacent to or near the beam 
tube nozzles.  Until now, the calculations have been 
performed using the DORT and TORT discrete ordinates 
(DO) codes. Calculated dpa-rate values are normalized by 
dosimetry results obtained from surveillance capsules and 
the normalized values are used for damage-assessment 
analyses.  This approach has proved suitable.  However, 
improved calculations are now possible using a hybrid 
Monte Carlo (MC) & DO approach. Specifically, the 
MCNP code is used in conjunction with the CADIS 
(Consistent Adjoint Driven Importance Sampling) [1] 
method and automated within SCALE using the 
ADVANTG [2] code.  A significant advantage of a MC 
vs DO approach for this application is that a high-level of 
detail can be readily incorporated into the model in 
regions of high flux gradients and should lead to more 
accurate calculations at those locations. 

A detailed MCNP model of HFIR [3,4] has existed 
for some time, but because of the high computational 
demand, its application to calculation of parameters in the 
nozzle areas has been limited [5].  This issue is alleviated 
by the CADIS approach in which convergence 
acceleration is greatly improved over analog calculations 
or those using basic variance reduction methods. 

In the CADIS methodology a DO model, which uses 
the response multipliers (e.g. dpa cross sections) as the 
adjoint source at the location of interest, is automatically 
generated from a user-supplied mesh.  Adjoint fluxes, 

),( Er+φ , are calculated and are used with the actual 
source, ),( Erq 

, to determine the weight windows (w) 

and biased source ( q̂ ) values as follows: 
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where, 
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DESCRIPTION OF THE ACTUAL WORK 

 
Description of HFIR Model 

 
The HFIR MCNP model was originally developed 

for calculation of nuclear parameters for the beam tubes, 
including the HB-4 cold source and the beam tube guide 
hall, and has been reviewed and updated [6] in recent 
years.  Additional updates as part of this work include 
enlarged designs of HB-2 and HB-4 and inclusion of 
beam tube nozzles, surveillance capsule holders (Keys), 
and an ion chamber.  The latest model is shown in Fig. 1. 

The HFIR core contains inner and outer annular fuel 
regions, modeled by 8 and 9 annuli, respectively, with 
each annulus is divided into 7 vertical zones, for a total of 
119 fuel regions.  Sources, materials, and control plate 
configurations are available for Beginning-of-Cycle 
(BOC) and End-of-Cycle (EOC) conditions. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.  Cross-sectional horizontal view of HFIR MCNP 
model at core vertical center. 
 
Implementation of Calculations 
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CADIS calculations are performed as follows:  1) An 
adjoint-source DO model is automatically generated from 
the user-supplied mesh .  2) The model is run to produce 
adjoint fluxes which are used to determine weight 
windows and source-biasing parameters (Equations 1-3).  
3) The MCNP model is then run using these variance-
reduction parameters. 

For these calculations the DO calculations were 
performed with the TORT code. (However, the newer 
ORNL Denovo code is also available as an option in 
ADVANTG.) 

MCNP tallies included point-detector and cell tallies. 
 
RESULTS 

 
Calculations of dpa rates were performed for HB-2 

(Keys 2W &2C, and the nozzle corner), HB-4 (Key 4), 
and for Key 5 which is located between HB-4 and HB-3.  
Key 5 presents a challenge because it is shielded by an 
ion chamber and is below the core vertical center.  
Additional evaluations for all Keys and other vital 
locations in the beam-tube nozzle regions are planned 
Also, the incorporation of additional detail and 
improvements to the model are in progress.  Current 
results are consistent and show reasonable agreement with 
earlier 3D discrete ordinates results.   

Sample point-detector MCNP results for locations 
around HB-2 and adjacent to nozzle surface (corner) are 
shown in Table I and are seen to be consistent.  
Uncertainties are ~1%.  Discrete ordinates (TORT) runs 
are also shown for the 12:00 and 3:00 positions and are in 
reasonable agreement with MCNP values. 
 
Table I.  HB-2 Nozzle Corner Neutron dpa-Rates 
Detector 
“clock” 
location 

dpa Rate (10-12⋅s-1) 
MCNP TORT 

1 (12:00) 57.8  61.0 
2 (1:30) 57.9  
3 (3:00) 61.0 63.6 
4 (4:30) 57.9  
5 (6:00) 56.4  
6 (7:30) 59.3  
7 (9:00) 61.7  
8 (10:30) 58.9  
 

Additional MCNP results are shown in Table II. 
Neutron dpa-Rate values are calculated for Key 5 using 1) 
CADIS/ADVANTG and 2) geometry-splitting/Russian-
roulette variance reduction. Results show much faster 
convergence using the CADIS/ADVANTG method as 
indicated by a ratio of figure-of-merit (FOM) values of  
~10,000.  

This work is important because it extends the 
application of a detailed HFIR Monte Carlo model to the 
solution of previously-intractable problems and will result 

in improved analyses of dpa-rate values in the nozzle 
regions.  
 
Table II.  Comparison of Neutron dpa Rates at Key 5 for 
CADIS/ADVANTG vs Geometry-Splitting/Russian-
Roulette 
Method Geom.-Splitting./ 

Russ.-Roulette 
CADIS/ 
ADVANTG 

Histories 107 108 
Time [t] (m) 4415 1603 
dpa Rate (10-13s-1) 0.6 0.8 
Uncertainty [σ] (%) 23 0.003 
FOM [t-1⋅σ -2] (m-1) 0.004 69 
FOM ratio > 10,000 
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