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Abstract.  The IAEA and Euratom have undertaken development of a new method for maintaining the 

continuity-of-knowledge at a vitrification facility. Complementary to seals, surveillance, continuous and/or 

remote monitoring inside the process area, the new method accounts for material at the end of the 

vitrification process - after material is placed in storage casks. To verify the presence of declared materials 

sealed inside a storage cask, field measurements of the cask are compared to simulated measurements. 

Consistency between the field and simulated measurements is used to verify the presence of material in the 

cask. The continuity-of-knowledge of the materials is strengthened by the new method and re-verification 

of the material in the cask can be performed at any future time. The simulation model is produced using the 

Monte Carlo N-Particle computer code, version 5 (MCNP5).  

 

1      Introduction 

 

The safeguards approach to the vitrification of high active waste (HAW) focuses on maintaining the 

continuity-of-knowledge (CoK) of special nuclear material (SNM) as it traverses a vitrification facility. 

However, the inaccessible nature of a vitrification facility presents an obstacle to the deployment of 

conventional safeguards, albeit the process area of a facility is effectively a hot cell. The deployment of 

remotely operated non-destructive assay (NDA) hardware and/or destructive assay (DA) sample equipment 

inside the process area is technically challenging and the alternative of continuous monitoring draws 

heavily on the critical resource of inspector time. In response to the aforementioned constraints, the IAEA 

and Euratom opted to develop a new method which focuses on re-establishing the CoK of SNM at the end 

of the process - after the vitrified HAW has been sealed in storage casks. 

 

The new method verifies the presence of the vitrified HAW through the comparison of total neutron count 

rates collected at strategic points around a storage cask with those predicted by a Monte Carlo simulation 

model. Such a model has been developed by the IAEA and includes a dual N50 neutron slab detector 

(custom design by Euratom) and CASTOR
®
 HAW 20/28 CG storage cask configured with the operator 

declared contents. By comparison of the simulated neutron emissions and field measurements, the 

displacement of Pu and U is evident from a detectable neutron signal defect. Because the spontaneous 

fission of 
244

Cm and (α,n) reactions from the decay of  
241

Am are the dominant neutron sources in vitrified 

HAW, the 
244

Cm/SNM and 
241

Am/SNM mass ratios are used to relate the neutron signal outside the cask to 

the amounts of Pu and U stored inside. These mass ratios can be determined from samples collected by 

inspectors from the facility’s high level liquid waste storage tanks and analyzed by DA. The absence of 

separation of SNM from the HAW is verified by other measures. To ensure the validity of the simulation, 

sources of uncertainty are systematically assessed and quantified. 
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2      Monte Carlo Modelling 
 

The Monte Carlo simulation model was produced using the Monte Carlo N-Particle computer program, 

version 5 (MCNP5), developed by Los Alamos National Laboratory [1]. The program is capable of 

simulating nuclear processes and radiation transport.  The model used to research the method has several 

sub-models: the CASTOR
®
 HAW 20/28 CG storage cask model, the dual N50 neutron detector model, and 

the CSD-V type universal canister model. 

 

The general model is configured for a particular cask by adding the following case specific information: 

 material contents of the 28 [homogeneous] canisters; 

 positions of each canister within the cask; 

 neutron source rate of each canister; 

o spontaneous fission – typically from of 
244

Cm; 

o α,n – typically from 
241

Am; 

 location of detectors during field measurements. 

 

The CASTOR
®
 HAW 20/28 CG storage cask is a product of Gesellschaft für Nuklear-Service mbH of 

Germany and is one of several commercial casks available for the transportation and long term storage of 

vitrified HAW stored in CSD-V type canisters. The cask itself consists of a radial array of polyethylene 

moderator rods embedded in a ductile cast iron shell. The cask can be configured for either 20 or 28 

canisters of the USD-V type. 

 

The dual N50 neutron detector, shown in Figure 1, consists of two opposite facing Canberra/Harwell N50 

neutron monitors separated and shielded by 4 cm of high-density polyethylene and 1 mm of cadmium. The 

dual-faced design permits measurements in areas with a high radiation background. The gross neutron 

counting system was designed and produced by Euratom. The Monte Carlo model of the detector utilizes 

the single N50 neutron detector model which was benchmarked by the ESARDA NDA working group [2].  

 

 
Figure 1 – Dual N50 neutron detector. 

 

The reference canister used in the method analysis is briefly discussed here. The glass product inside the 

reference canister contains 400 kg and 150 L of vitrified HAW (density is 2.67 g/cm
3
) and consists of a 

representative inventory of actinides and fission products incorporated in a borosilicate glass matrix. The U, 

Pu, 
241

Am, and 
244

Cm content is presented in Table 1.  
 

Table 1 – SNM information regarding a reference canister and reference cask. 

  Canister  Cask 

  Mass  Mass 

  [g] [SQ]
 *
  [g] [SQ]

 *
 

LEU
U  4,519.1 0.060  126,534 1.70 

Pu  135.8 0.017  3,802 0.48 
241

Am  225.3 -  6,308 - 
244

Cm  6.58 -  184 - 
  *

 A “SQ” is a “significant quantity” of material defined by the IAEA to be 8 kg of Pu, 25 kg of high enriched uranium 

(greater than 20 
w
/o 

235
U), and 75 kg of low enriched uranium (less than 20 

w
/o 

235
U).   



 
 

 

3      Experimental Premise 
 

The Monte Carlo model was configured with 28 reference canisters to examine the neutron count rate 

defect which would be observed in the case of material absence. There are a variety of arrangements by 

which material could be absent from the canisters and hence the method should consider all such cases. 

 

 absence of full canisters 

 replacement of a full canister with empty or glass only canisters 

 partial filling of some/all canisters 

 manipulation of neutron relevant materials 

 combinations of the above 

 

The manipulation of neutron relevant materials is ruled out by methods such as the sealing of processes 

ports, facility and component design verification, and DA of stored wastes and process materials.  

 

The displacement of material is ruled out by the Monte Carlo baseline method. Strategic measurement 

points around the cask are used to rule out the absence/replacement/partial filling of individual or multiple 

canisters. The sensitivity of the method to a given displacement scenario is dependent on the particular cask 

loading pattern and contents. 

 

To detect the absence/replacement of an individual canister, scanning or static measurements are taken in a 

systematic search pattern. To query a particular periphery canister, the optimal detector placement is firmly 

against the cask and directly in front of the canister, illustrated in Figure 2a. To query a particular center 

canister, the optimal placement is directly between two of the outside canisters, also illustrated in Figure 2a.  

 

 
Figure 2 – Optimal measurement positions for the verification of material in (a) individual canisters and (b) an entire 

cask. 

 

Detection of a center canister requires a much higher sensitivity measurement than that for a periphery 

canister because the signal from the center canister is typically much less than the signal from the two 

periphery canisters. To detect the absence/replacement/partial filling of multiple canisters, measurements 

                           (a)                                                                   (b) 



 
 

are taken at a distance from the cask on either side, illustrated in Figure 2b. All canisters which are not 

shielded by other canisters contribute to the neutron signal seen by the detector. This measurement 

technique requires the model to include surrounding objects, such as cement floors and walls. 

 

The decision making mechanism for these measurement techniques is simple: Is the neutron count rate 

within 3σ of the Monte Carlo baseline? However, the determination of the uncertainty is not trivial. With 

respect to the Monte Carlo baseline method, the relevant uncertainties are: 

 

 Simulated measurement uncertainties 

o Cask model 

o Source model 

o Detector model 

o Simulation statistical uncertainties 

 Field measurement uncertainties 

o Detector position 

o Radiation background 

o Statistical counting uncertainties 

 

Before deploying a specific safeguards approach for a particular situation, the inspectorate ensures that the 

uncertainties inherent to a selected safeguard approach are suitable to the task; the level of detail required 

by the Monte Carlo model is dependent on the acceptable level of uncertainty for the particular task. 

 

4      Procedural Approach 
 

The basic procedure for applying the Monte Carlo baseline method to vitrification activities is addressed 

here and illustrated in Figure 3. A series of steps must be taken by the inspectorate in order to support the 

use of the method. 

 

1. Model validation 

2. Method evaluation 

3. Knowledge of HAW isotopics 

4. Declaration of the amount of SNM per canister 

5. Declaration of the canister positions in the cask 

6. Collection of field measurements 

7. Generation of simulated measurements 

8. Comparison of simulated and field measurements 

 

1. Model validation: Prior to applying the Monte Carlo baseline method, proper validation of the model is 

necessary. This would typically entail a benchmarking exercise of the various sub-models. 

Additionally, a general model may need to be adapted to reflect field measurement conditions, such as 

cement floors and/or walls. 

 

2. Method evaluation: Prior to implementation, sufficient research of the specific case should be 

performed to ensure the method realizes the desired statistical confidence for the particular exercise. In 

other words, to ensure that under no circumstances can a predetermined amount of material be absent 

without exceeding the detection uncertainty. Such research would be performed by using the Monte 

Carlo model to demonstrate the neutron count rate defect between diversion and non-diversion 

scenarios.  

 

3. Knowledge of HAW isotopics: Prior to the beginning of the vitrification operations, the liquid HAW 

should be sampled by an inspector and its isotopic composition verified by means of DA. From the DA, 

the relative proportions of the isotopes are then independently measured. In most cases, particular 

attention would be given to the relative amounts of 
241

Am, 
244

Cm, Pu, and U. Also, suitable knowledge 

of the composition of the glass frit should be obtained. 

 



 
 

 
Figure 3 – Procedure for applying the Monte Carlo baseline method to vitrification activities. 

 

4. Declaration of the amount of SNM per canister: Following the commencement of vitrification 

operations, the liquid HAW is mixed with glass frit in a furnace to produce the vitrified glass product, 

which is then poured into stainless steel canisters. The amount of SNM in each canister is declared by 

the operator to the inspectorate. 

 

5. Declaration of the canister positions in the cask: After the canisters are filled, cooled, and sealed, they 

are then loaded into the storage cask. After the cask is loaded, the relative positions of each canister 

(with respect to a reference marker on the exterior of the cask) is declared by the operator along with 

the unique identifier for the cask. 

 

6. Collection of field measurements: During an inspection, inspectors take measurements at strategic 

points around the cask using a well shielded and collimated neutron detector. Particular attention is 

given to the facility background levels, particularly when the cask is located near other casks or neutron 

relevant materials such as cement walls and floors. 
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7. Generation of simulated measurements: The general model is configured with the case specific 

information to include the individual canister contents, canister positions within the cask, and the 

detector positions used in the field measurements. The neutron source term and vitrified HAW material 

composition is configured using the results from the DA, especially the relative amounts of 
244

Cm/SNM 

and 
241

Am/SNM. 

 

8. Comparison of simulated and field measurements: The field measurement results are compared to the 

simulated measurement results. The results are analyzed to verify consistency between the two 

measurement sets within calculated uncertainties. 

 

5      Conclusions 
 

A new method for maintaining the CoK of safeguarded materials during vitrification activities is under 

development by the IAEA and Euratom. By comparison of field measurements and simulated 

measurements, material transferred to storage casks during a vitrification campaign can be accounted for 

and the CoK regarding that material can be maintained. The uncertainties related to the method are 

dependent on the particular case and the detail of the model. Additionally, cask contents can be re-verified 

using the same method at any future point. 
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