Application of Monte Carlo simulation to design a modular 241Am-Be neutron irradiator
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ABSTRACT 

Monte Carlo studies aimed to design a 241Am-Be modular neutron irradiator to obtain a neutron energy distribution useful to test neutron detectors or personal dosemeters, are reported.
The evaluation of thicknesses and shape of the moderator and shielding materials was carried out with a Monte Carlo simulation with MCNP5 code. The reliability of the simulation was experimentally verified by means of activation of gold foils in a irradiation cell placed at center of a test configuration.
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Introduction 

Neutron irradiator facilities with 241Am-Be sources are worldwide used to perform neutron activation analysis, one of the most used radiochemical methods to study the composition of various samples, to investigate material characteristics or to test and calibrate neutron detectors and environmental or personal dosemeters. To these goals, the use of an irradiator based on neutron sources can be more appropriate because of the stability characteristics of neutron flux over time and the possibility to have a preferred neutron energy spectrum with a choice of suitable sources. These advantages may compensate the disadvantage associated to intrinsic low neutron flux value, even it is many orders of magnitude lower than the one of a  nuclear reactor or a particle accelerator. 

Most of irradiators are realized with neutron sources (252Cf ,  241Am-Be, 226Ra-Be, or others) placed at fixed positions and accordingly the characteristics of neutron flux are well established and not exchangeable. In some applications, especially in calibration of dosimeters or neutron detectors, may be very interesting to have a modular facility, able to vary irradiation conditions and setting the prevalence of thermal, epithermal or fast neutron flux components. An irradiator of this type has already been proposed [1] by using 241Am-Be sources whose positions may change within a paraffin container to irradiate 80 mm in diameter samples with thermal or fast neutrons. In this work, a new neutron irradiator with 241Am-Be sources able to modulate neutron flux components and irradiate also large volume samples is designed and realized. The design was carried out by means of a Monte Carlo simulation with the code MCNP5 and taking into account different moderators and shielding materials besides some basis criteria. Among them, it is very interesting the possibility to have neutron reference fields, according to ISO 8529 [2], suitable for characterization and calibration of neutron dosimeters, even of innovative conception. Validation of Monte Carlo modeling was carried out by simulating an irradiator with four sources of 241Am-Be placed at fixed locations and water as moderator.  
The final set-up with the same sources is also able to study the response of detectors and dosemeters to be used in various fields, as neutron therapy, neutron measurements around a cyclotron, and others.   
Modelling a neutron irradiator

Neutron transport simulation with Monte Carlo codes is used to verify the worth of various materials and to optimize thicknesses. We have used the Monte Carlo code MCNP, version 5 [3], supplied by the NEA, and widely adopted to simulate the transport of neutrons [4] . It was implemented into Windows operating system so that it can be used in personal computers with different computing capabilities (including one with  Intel Core Quad CPU).
A first simple model, with a neutron source sited at the center of a sphere-shaped moderator of various diameter, was initially adopted. The results of the simulations conduct to neutron flux values (F4 Tally) or to dose (F6 Tally). The neutron flux was estimated using the tally F4 (cm-2), which calculates the average flux over a cell (particles·cm-2). The absorbed neutron dose rate was obtained through the tally F6 (MeV·g-1) which considers the neutron energy deposition average over the cell. This tally gives already the energy deposited per unit mass of the material. 
The intervals of energy considered were: thermal below the Cadmium cutoff energy (0.5 eV), two epithermal neutron groups (between 0.5 eV and 0.1 MeV, 0.1 MeV  and 0.5 MeV) and three fast neutron groups  (0.3 MeV to 1 MeV , from 1 MeV  to 5 MeV, and above 5 MeV). The energy distribution from a 241Am-Be neutron source was given by ISO 8529 [2], with an energy spectrum ranging from 0.025 eV to 12 MeV.  This energy spectrum was considered more helpful than that provided by the IAEA [5] because the more detailed description of the spectrum itself. Energy groups were chosen to assess the effective dose outside the irradiator  with the factors given in ICRP Recommendation No. 103 [6].
The simulation provides more information on the neutron flux distribution and on its components. As materials we have considered water, graphite, polyethylene, polyethylene grains (about 60% density polyethylene compact), and so on. Other interesting moderators were excluded because very expensive. 
The result analysis allowed to identify several thicknesses considered most appropriate for the purpose and to study some combinations of materials, with or without air gap between each other. In particular, it was shown that the best moderator for the thermal neutron flux component is polyethylene, which allows an higher neutron flux value with a relatively small thickness (the maximum value is around 3 cm depth). As regards graphite and grains of polyethylene, a maximum value of thermal neutron flux is obtained with a slightly higher thickness (4÷6 cm), while for water the flux value is definitely lower because of its absorption properties. 
In a second geometry, the sources was more realistically modeled as a cylinder shape of 43 mm lenght and about 20 mm in diameter, coated with a metallic alloy. The simulation modeling was tested taking into account the physical dimensions and activities of four 241Am-Be sources placed at the edges of a parallepiped Plexiglas structure surrounded by various materials (water, graphite, polyethylene and grains of polyethylene). One of these configurations was realized inside a room of the department, placing the sources inside Plexiglas tubes held by three square Plexiglas plates  of 14 cm side.  A Plexiglas pipe placed at the center of the structure functions as irradiation cell. The remaining space inside the container is filled with water which represents both the moderator and the biological shielding. The schematic of the Monte Carlo model is reported in Fig.1. This type of configuration is characterized by a prevalence of thermal neutron flux component, with the partial exception of graphite moderator.  
The experimental validation of the model MCNP5 was carried out by irradiating 2 set of 3 gold foils, diameter 1.3 cm and weighing approximately 0.6 g each, housed in a Plexiglas sample holder, bare and covered with cadmium (see Fig. 2). The irradiation was performed for about 24 h for bare gold foils and for about 4 days for the cadmium covered foils. The gold samples were then subjected to gamma spectrometry by using an ORTEC HPGe detector with relative efficiency 35%.  The efficiency of detection system was determined at a distance of 25 cm by a point source of 152Eu (with reference to energy 411 keV). The values of thermal flux and epithermal-fast component were determined by applying the method of "cadmium-difference". The comparison between the flux values derived from simulation and experimental ones is shown in Fig.3 with respect to 3 positions along the axis of irradiation cell for various moderators. In Fig. 4 are represented the correspondent fast neutron flux values as deduced by the simulation. 

We note that the largest discrepancy between the simulate and experimental values for water is lower than 15% and is acceptable taking into account possible differences between the model and the reality of irradiation due to the metal containers of sources and thickness of plexiglass (3 mm) holder source, besides the support structures of the pipes themselves. 

  
MCNP5 design of a new modular neutron irradiator [image: image1.png]



All the examined configurations do not fully comply with the modularity requirements mentioned in introduction. It was then decided to study a configuration that would allow the use of different type and thickness of moderator or, if desired, completely empting the irradiation cell.  To start the MCNP5 simulation process, the following criteria were assumed: 
- A possibility, with simple and easy procedures, to obtain a neutron flux characterized by thermal or fast neutron prevalence by a suitable positioning of components;
- A flat behavior of neutron flux within the irradiation cell so that a constant neutron flux density in the sample volume or dosimeter to be irradiated can be assumed, apart sample self-attenuation that must be taking into account;
- Easy handling of each source, without complicated procedures to its recovery ;
- Values of maximum effective dose outside the irradiator below population dose limit without any limitation on time, i.e. below 1 mSv per year as provided by the most common national regulations;
- Installation flexibility, with the possibility of irradiation of samples of various sizes and also to test individual dosimeters placed on anthropomorphic phantoms. 
To draw up the final draft, several tests were made with MCNP5 simulations (more of 100 runs, the minimum number of stories examined for each test: 1 (108, total processing time not less than 1200 h taking into account the time needed for different personal computers).  The results are noticeable even if the best features designed with MCNP5 must then be interfaced with construction requirements, and  an optimal compromise between two needs may be reached. Based on these priority constraints, taking into account the availability of the same  four  241Am‑Be sources (each of 111 GBq activity, neutron emission: 7 (106 s-1),  the final configuration consists of an irradiation box and a separate source recovery box. Schematic diagram of the final configuration is shown in Figure 5. Irradiation cell is obtained at the center of a polyethylene cube designed so that it is possible to change its geometrical configuration to generate fast or thermal neutron fluxes, and may easily be equipped with filters (or material suitable for conversion). A large portion of the polyethylene moderator can be removed to specifically irradiate large volume sample or test detectors on different phantoms.  The sources are usually recovered in a suitable box to allow the operator to make the necessary changes in the irradiation cell. The recovery facility is made with a container of  borated water surrounded with thick concrete. Sources are housed in pairs in two legs and properly spaced, handled by suitable source-container tubes and are exposed for the time necessary to obtain a given value of dose. The irradiation time can be selected with a timer and, at the end of irradiation, electric motors provide to recover automatically the sources. The exposition setup is selected in order to generate symmetric or asymmetric neutron fields. 
Neutron fluxes (thermal or fast) are almost uniform inside the cavity of irradiation. In Figs. 6 and 7 are given the behavior of neutron fluxes (normalized to number of neutron emitted) evaluated by MCNP5 simulation in some representative points of the irradiation cell and covering a section shall not include any sources. Behaviours of normalized fluxes can be differentiated by modifying the structure of the polyethylene moderator highlighted as "removable" in the diagram of Figure 5. Total and thermal neutron flux , 1.0 ×105 cm-2 ·s-1 and 5.25 ×104 cm-2 ·s-1, respectively, are still many orders of magnitude lower than of a nuclear reactor. However, the neutron irradiator becomes advantageous when large amounts of material (several grams) must be analyzed. 

The simulation results show that when neutron sources are exposed, outside the irradiation box the average values of effective dose rate  is 8.9 Sy·h-1  related to fast configuration, while is 1.2 Sy·h-1 in the thermal flux prevalence configuration. In the fast configuration is prevalent the neutron contribution (7.5 Sy·h-1) whereas in the thermal configuration the larger component is associate to gamma radiation (0.73 Sy·h-1  ). 
Outside the recovery box, effective dose rate ranged between 0.12 to 1.71 Sy·h-1, from the edges to the center of each faces of the cubic concrete shielding. For the gamma component, the dose outside the recovery box ranged between 0.007 to 0.06Sy·h-1, related to the radiative capture with hydrogen, producing 2.23 MeV gamma radiation. These values are determined with a 3% boric acid concentration in water, but a change in concentration do not lead to a significant decrease of the values of the neutron flux, ranged from 0.122.3 Sy·h-1 (0%) to 0.11Sy·h-1 (4.5%). More important decrease on maximum value of gamma dose rate, from Sy·h‑1toSy·h-1 (4.5%), is probably due to a an increase of neutron capture in water with respect to concurrent radioactive capture reaction with Hydrogen. 
An analysis of a reference accident, as the break of the borated water container, permits to asses a dose values ranged between 15Sy·h-1 for neutron component and 0.3Sy·h-1 for the gamma component. Both the range can still be considered acceptable if we consider the occupancy time of an operator.   However, to prevent accident effects, a water level indicator monitors the recovery water level and give an alarm if the level is too low. In this case, an operator shall transfer the sources in a third emergency container filled with water, which allows the technicians to repair the equipment safely. Also, in view of what, the recovery container must be surrounded by concrete with almost density 2.3 g cm-3, as a variation of density from 2.3 g cm-3 to 1.6 g cm-3 leads to an increase in dose outside even more than 80%.

To verify the sensitivity of the neutron irradiator, in Table 1 are reported the values of induced activity following a 1 hour, 1 day or 5 days irradiation at the center of irradiation cell and an amount equal to 1 gram for each item.  The reference  estimated value of thermal neutron flux  is 5.25 (104 cm-2 s-1 (thermal neutron prevalence).  The target isotopes are then considered with their percentage abundances and  finally are given some selected isotopes whose activity is above 1 Bq, an activity detectable with the most common spectrometric measuring systems. 
Conclusions 
The availability of a modular neutron irradiator apparatus gives an alternative to perform nuclear activation analysis outside a nuclear reactor as well as neutron detectors and dosemeters calibration, at lower cost and with greater flux stability.  The flexibility of the irradiation facility allows a readiness on parameters setting to achieve favorable irradiation conditions, although absolute neutron flux values are still much order of magnitude lower than the biggest and complex reactor or accelerator based plants.  

Monte Carlo simulation is confirmed as an useful technique to study neutron irradiators with different configurations and to preliminary assess the characteristics of neutron flux originating from various sources. The studied model can still be used for planning research experiences or particular applications of neutron irradiation, by identifying the most promising facility assessment.  
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Figure captions 

Fig. 1 –  MCNP5 model of the test configuration with four sources placed  inside Plexiglas rods immersed in water.
Fig. 2 – Photograph of the Plexiglas sample holders  used for irradiating bare and cadmium covered gold foils.  

Fig. 3 – Thermal  neutron fluxes with respect to position along the axis of  irradiation cell. MCNP5 simulation with four 111GBq  241Am-Be sources.  

Fig. 4 - Fast  neutron fluxes with respect to position along the axis of irradiation cell. MCNP5 simulation with four 111GBq  241Am-Be sources.

Fig. 5 – Schematic diagram of the final configuration of the  modular neutron irradiator.

Fig 6 –  Behaviour  of normalized neutron fluxes with respect to distance from the center of the irradiation cavity. MCNP5 simulation with empty cavity irradiation and neutron sources inside a  compact  polyethylene cube – Thermal neutron flux  prevalence.  

Fig 7 – Behaviour  of normalized neutron fluxes with respect to distance from the center of the irradiation cavity. MCNP5 simulation with empty cavity irradiation and neutron sources in air – Fast neutron flux prevalence.  
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Fig. 1 –  MCNP5 model of the test configuration with four sources placed  inside Plexiglas rods immersed in water. 
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Fig. 2 – Photograph of the Plexiglas sample holders used for irradiating bare and cadmium covered gold foils.  
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Fig. 3 – Thermal  neutron fluxes with respect to position along the axis of  irradiation cell. MCNP5 simulation with four 111GBq  241Am-Be sources.  
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Fig. 4 - Fast  neutron fluxes with respect to position along the axis of irradiation cell. MCNP5 simulation with four 111GBq  241Am-Be sources.

 [image: image6.jpg]horizontal section

vertical section

[7] Concrete Borated Water
fixed polyethylene polyethylene insert

E=| removable polyethylene
Il Am-Be source

[T brick




Fig. 5 – Schematic diagram of the final configuration of the  modular neutron irradiator.
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Fig 6 –  Behaviour  of normalized neutron fluxes with respect to distance from the center of the irradiation cavity. MCNP5 simulation with empty cavity irradiation and neutron sources inside a  compact  polyethylene cube – Thermal neutron flux  prevalence.  
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Fig 7 – Behaviour  of normalized neutron fluxes with respect to distance from the center of the irradiation cavity. MCNP5 simulation with empty cavity irradiation and neutron sources in air – Fast neutron flux prevalence.  
Table 1 – Induced  activity  produced  by irradiation of  1 g of selected pure materials with a thermal neutron flux of  5.25(104 cm-2 s-1. 

	Element
	Target
	Product
	Induced activity (Bq) 

	
	
	
	Irradiation time 

	
	
	
	1 h
	1 day
	5 days

	Na
	23Na
	24Na
	32.5 
	488.4 
	725.5 

	Al
	27Al
	28Al
	270.6 

	P
	31P
	32P
	0.35 
	8.3 
	37.8 

	Cl
	37Cl
	38Cl
	62.9 
	93.5 

	Ar
	40Ar
	41Ar
	164.2 
	520.0 

	K
	41K
	42K
	4.3 
	58.8 
	79.3 

	Sc
	45Sc
	46Sc
	6.6 
	157.4 
	773.8 

	V
	51V
	52V
	3030 

	Cr
	50Cr
	51Cr
	0.44
	10.4 
	49.4 

	Mn
	55Mn
	56Mn
	1800
	7610

	Co
	59Co
	60Co
	0.30
	7.2 
	35.8 

	Cu
	63Cu
	64Cu
	15.6 
	215.2 
	294.3 

	
	65Cu
	66Cu
	332.3 

	Zn
	68Zn
	69Zn
	51.9 
	99.9 

	Ga
	69Ga
	70Ga
	393.5  
	457.5  

	
	71Ga
	72Ga
	40.8  
	589.6  
	848.9  

	Ge
	70Ge
	71Ge
	0.75
	17.4  
	77.8  

	
	74Ge
	75Ge
	32.0  
	80.9  

	As
	75As
	76As
	49.3  
	888.8  
	1820 

	Se
	80Se
	81Se
	108.7  
	121.5  

	Br
	79Br
	80Br
	2000
	2200 

	
	81Br
	82Br
	10.2  
	197.8  
	476.6  

	Y
	89Y
	90Y
	4.9  
	104.1  
	330.8  

	Pd
	108Pd
	109Pd
	33.6  
	474.4  
	666.2  

	Ag
	107Ag
	108Ag
	5720 

	Sb
	121Sb
	122Sb
	9.3  
	198.7  
	634.2  

	
	123Sb
	124Sb
	0.22
	5.3  
	26.0  

	Te
	126Te
	127Te
	3.5  
	40.6  
	48.8  

	I
	127I
	128I
	1200 
	1500  

	Xn
	124Xe
	125Xe
	1.6  
	24.8  
	39.4  


Table 1 – To be continued.  

	Element
	Target
	Product
	Induced activity (Bq) 

	
	
	
	Irradiation time 

	
	
	
	1 h
	1 day
	5 days

	Hf
	180Hf
	181Hf
	0.55
	13.2  
	63.8  

	Ta
	181Ta
	182Ta
	0.90
	21.5  
	106.3  

	W
	186W
	187W
	53.3  
	934.5  
	1810

	Re
	185Re
	186Re
	54.2  
	1190 
	4270

	
	187Re
	188Re
	324.9  
	5070 
	8060

	Os
	190Os
	191Os
	1.1  
	25.3  
	115.8  

	
	192Os
	193Os
	3.1  
	58.0  
	127.8  

	Ir
	191Ir
	192Ir
	22.8  
	545.5  
	2680

	
	193Ir
	194Ir
	407.0  
	6870
	11300

	Pt
	196Pt
	197Pt
	1.1  
	17.6  
	29.2  

	
	198Pt
	199Pt
	31.6  
	42.7  

	Au
	197Au
	198Au
	168.7  
	3590
	11440
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