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Abstract. In the present work an analysis of the ADS is performed, their modelling is studied and a design of an ADS is proposed.

The calculation codes used during most of this work are the deterministic codes CONDOR and CITVAP, developed by the Nuclear Engineering Department of INVAP. A basic validation was carried out, through modelling two reactors and comparing the calculations to those of other authors.

Based on the RA-6 research reactor, the proposed design was a low power thermal reactor. Such reactor was intended to be used for the study of the neutron physics of these systems, or as a neutron source for several minor applications, depending on the external neutron source used. 
The RA-6 is a pool type research reactor located in Centro Atómico Bariloche, Argentina. Different configurations were studied, evaluating the performance of two kinds of sources: neutron generators and photoneutron source. 

Calculations with a Monte Carlo code were performed, which showed an acceptable correlation between deterministic and probabilistic codes. A brief analysis of the system's kinetics was also performed in order to assess the possibility of obtaining a pulsed flux with the photoneutron source.

1. Introduction

The Accelerator Driven Systems are one of the most suitable options for achieving the sustainability of nuclear energy. However, due to the complexity of the required technology, there are no ADS power plants in operation yet. Many experiences have been done, in general by adapting existing reactors. In this framework low power, thermal ADS designs have been proposed to be used as neutron sources.
This approach has two basic objectives. In first place, to gain experience in the field of ADS in order to achieve the construction of power reactors. In second place, to extend the capabilities of the neutron sources coupled to the systems.
The advantages that these systems present have awakened a renewed interest in their study. Their modeling is a challenge in itself, since it involves the coupling of a reactor and a neutron source. An important aspect of this work was to evaluate the possibility of using the deterministic codes used by INVAP in order to model such systems.
The present work is based in the more extensive one from reference [1].

2. Calculation Codes and Modeling
Two schemes of calculation were used. The first one used the deterministic codes CONDOR 2.61 [2] and CITVAP 3.8.02 [3]. Both codes were developed by the Department of Nuclear Engineering of INVAP and use multigroup methods. The HELIOS [4] nuclear data library was used. Also calculations with a Monte Carlo code were performed, in order to compare the results.
2.1. Modeling
No records were found in the use of CITVAP code for calculating problems with coupled sources. Nevertheless the possibility was documented in the CITATION [5] manual, the code in which CITVAP is based. 
Furthermore, although these systems have been studied internationally, in Argentina there is little experience in this field. An important step in the investigation of subcritical systems with coupled sources to transmute actinides was a recent work [6] also performed at the Instituto Balseiro. 

Another difficulty in the modeling is the presence of a guide tube for the entrance beam, necessary to drive the neutron source. This characteristic is shared by a large number of ADS designs. The difficulty lies in the void of the beam tube, since CITVAP uses the diffusion approximation in the calculation. This approach is not valid in void regions or near neutron sources, and these two conditions occur together in the systems analyzed.
Two kinds of calculations were performed. The first one was the calculation of keff, as performed in any reactor. Then, the calculation with the coupled neutron source was performed. An important parameter in this calculation is the source multiplication factor, ks. Its concept is related to the importance function, and it accounts for the energy and position of the neutron put in the system. It has been calculated as the ratio between the productions in the system and these productions plus the neutrons of the source. 
3. Basic Code Validation
Two reactors were modeled in order to analyze the validity of the calculation method.

3.1. IPEN-MB-01
The IPEN-MB-01 is a zero power, light water moderated reactor. Calculations of critical and subcritical configurations were performed, comparing the results to those of other authors. 
3.1.1 Critical Configurations
The critical configurations analyzed were extracted from [7], cases 1 and 2. The results of the keff obtained are presented in Table I, along with the values reported in the reference. The differences observed are between 100 and 300 pcm.
TABLE I: Comparison of the values of keff for critical configurations of IPEN-MB-01.

	Case
	Reference
	Calculated

	
	Experimental
	MCNP
	KENO V
	

	1
	1.0003
	1.0010
	0.9990
	0.9977

	2
	1.0004
	1.0006
	0.9989
	0.9973


3.1.2. Subcritical Configuration
The subcritical configuration was extracted from [8]. The neutron sources utilized were neutron generators, which uses fusion reactions. In this case two kinds were calculated, one with the D-D reaction and other with the D-T reaction.
The main difference between this configuration and the critical ones is the presence of a void region, in the beam tube. In the model the vacuum has been replaced by low density water, with 0.1% of the real density. This low density region has been condensed with the material of the tube and the normal water of the cell outside the tube utilizing the code CONDOR. This procedure is similar to the one to condense a control rod, where the diffusion approximation also fails, with the surrounding material.
28 groups of energy were used, assigning to the D-T source a group between 13.380 MeV and 14.919 MeV and from 2.365 MeV to 2.466 MeV to the D-D one. The sources were modeled as isotropic. 
The results of the calculation of keff and ks are presented in FIG. 1, along with the values reported in the reference
. The values obtained are consistent with those from reference, however there is a great dispersion in the obtained values of the participants. It is important to note that ks varies in more than 3000 pcm.
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FIG. 1. Comparison of the values of keff and ks for the IPEN-MB-01.
The axial flux near the source has also been calculated. The result is presented in FIG. 2.
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FIG. 2. Axial flux near the source calculated (left) and from reference (right) for the IPEN-MB-01.
3.2. ADS Minor Actinide Burner (MAB)
This is an international numerical benchmark reported in [9]. It corresponds to a fast reactor driven by a spallation source, whose energy distribution is presented in the reference. It presented also a void region for the beam entrance.
In order to model the void region a parametric analysis was performed by varying the density and the material placed in place of the vacuum. The void fraction of the material was systematically increased. The results of the cell and core calculations, with CONDOR and CITVAP, are presented in FIG. 3. The condensed cross section utilized in CITVAP involves only the modified void region. It is evident that the result converges regardless of the material.
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FIG. 3. Analysis of the condensation of the void region in the ADS MAB.
Instead of presenting the values of ks the reference presented the values of the source strength necessary to maintain 377 MWth of power. In FIG. 4 the values of keff and source strength obtained are compared to those of the reference. The calculations are made for the core at the start up and in equilibrium.

It is observed that the values of the benchmark present a wide dispersion. Although the calculated values fall within the range of the published ones, the differences between the start up and equilibrium core are higher than the published ones.
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FIG. 4. Comparison of the values of keff and source strength for the ADS MAB.
In FIG. 5 the axial flux in the central region of the core at equilibrium is presented. The graphics show a good agreement, and similar results have been obtained for the start up core.
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FIG. 5. Comparison of the values of the axial flux calculated (left) and from reference (right) for the ADS MAB.
4. Design Goals and Preliminary Calculations
The results presented show greater reliability in the calculation of thermal reactors. Also the experience in the calculation of fast reactors with the codes CONDOR and CITVAP is little. And this uncertainty is amplified by the null experience in modeling ADS. Furthermore, INVAP has extensive experience in thermal research reactors. This increases the reliability on the results of such systems, and leaves the greatest uncertainty in the modeling of the neutron source.

These considerations led to propose the study of a thermal reactor. Such reactor was intended to be used for the study of the neutron physics of these systems, or as a neutron source for several minor applications, depending on the external neutron source used. 
The calculations were based on previous models of the RA-6 research reactor [10]. The RA-6 is a pool type research reactor located in Centro Atómico Bariloche, Argentina. Modifications were proposed to adapt it to an ADS.

4.1. Vacuum Tube Model
Using as a basis similar designs [11], the first step was to remove the central fuel element. Instead a tube for the entrance beam was modeled. As a first approximation the channel was modeled with the geometry of the present irradiation box of the RA-6, with water in the bottom half and low density water in the upper one. 

With this simple model, a study of the variation of the multiplication factor with respect to the condensation of the cross sections was performed. The void fraction in the upper half was increased by steps and two different condensations were made with CONDOR. In the first one, a homogeneous cross section was calculated considering the low density water, the material of the tube and the surrounding water. The second one condensed the vacuum separated from the other two materials. The result of this calculation is presented in FIG. 6.
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FIG. 6. Variation of k in function of the condensation made. K CONDOR corresponds to the k of cell, keff CIT-HOM and CIT-VOID to the homogeneous and two materials models, respectively.
It is observed that the model that uses two materials does not present a soft behavior when the void fraction approaches one. For this reason, the homogeneous model was chosen to perform the calculations.
For further calculations the size of the tube was reduced from the 6.8 cm side used in this study to 4.05 cm, which is reasonable for the beam size.

4.2. Neutron Sources Proposed
4.2.1. Neutron Generators
It was decided to begin the study with D-D and D-T neutron generators sources, since their modeling in the IPEN-MB-01 showed acceptable results. These sources provide a medium-low strength, of about 1.1010 n/s. Nevertheless they are useful for various applications such as neutrography. Due to the limited range of applications, the principal interest lies in the possibility of studying ADS physics.
4.2.2. Photoneutron Source
These sources allow a higher intensity, of even 1.1017 n/s. In this case a strength of 1.1013 n/s was considered. This strength can be reached with a LINAC of 40-50MeV and 10-25kW [12].
It should be noted that the intensity of this source is underestimated. This is because the neutron production is performed through the interaction of bremsstrahlung radiation with the atoms of a target. However the gamma radiation, which otherwise would escape from the system, is now in a medium containing uranium. Therefore, an amount that could be non-negligible of neutrons will be produced in the core. This condition cannot be simulated by the deterministic codes used.

Another condition that cannot be modeled with the deterministic codes is the fact that these sources provide neutrons with a preferential direction. Since CITVAP allows only modeling isotropic neutron sources, this is another simplification made.
These sources allow a controlled pulsed operation, a fact that makes them very useful for experiments requiring neutron pulses, as applications of the time of flight method. A first inside in the possibility of utilizing the proposed ADS with this purpose is made at the end of the present work.
The photoneutron source was modeled as a square prism of 4.05 cm side and 10 cm high. Pb was used as the target material, because its introduction into the system produced a loss of reactivity of about 500 pcm. This loss was minor compared to that of other target materials such as Ta.
The upper face of the target was divided into two concentric zones and then the target was divided into three axial zones. Thus six zones were demarcated. A strength density was assigned to each one by discretizing the values presented in [12]. This led to a concentration of neutron generation in the upper central region of the target, where the electron beam incised. Calculations made without this discretization of the source strength showed a difference of 100 pcm.

The neutron spectrum was taken as a discretized maxwellian distribution with a temperature of 0.45 MeV, as presented in [13].
4.3. Energy Groups and Uncertainty
16 energy groups were used, in order to model the neutron sources discussed. The critical states presented in [10] were calculated, obtaining an average of -160 ±100 pcm. This value is a first indication of the uncertainty of the calculations. However, it is clear that this deviation is underestimated, since there are other effects that cannot be evaluated, such as the introduction of the vacuum tube. The calculations performed with the Monte Carlo code are another indicator to estimate the validity of the results presented.

5. Design Proposed
A keff of 0.98 was proposed. Since the concept is a low-power reactor, the reactivity loss due to Xe is not high, about 50 pcm. The consequence is that the sub-criticality level does not vary significantly when the reactor is switched off.
The use of safety bars was discarded. It was proposed that the beam entered by the top of the reactor. The option of a lateral entry was also evaluated, but slightly worse results were obtained.
A variable core with 14 common fuel elements and 46 graphite elements in a 9x8 positions grid was proposed. All the elements are the same as in the RA-6 reactor. The core is in a light water pool. In one side there is vacuum in order to allow the possibility of an extraction beam. See FIG. 7.
A neutron generator or a photoneutron source can be utilized, depending on the desired application. One possibility is to start operating with a neutron generator, which is cheaper, leaving space to install an electron LINAC for a future capabilities expansion.

5.1. Calculations Performed
Different configurations were analyzed. One reference configuration, presented in FIG. 7, is discussed. The values of keff, ks, total power and mean flux in the irradiation box of the right (IB) obtained with the different codes for this configuration are presented in Table II.
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FIG. 7. Configuration of reference analyzed. (1) Irradiation Box, (2) Fuel Element, (3) Graphite Element. The source is in the center. Vacuum side for extraction of a neutron beam next to (3). With the photoneutron source all the graphite elements are present, in the case of the neutron generators only the ones that are not striped.
TABLE II: Calculations performed for the configuration presented in FIG. 7.
	Source
	D-D
	D-T
	Photoneutron

	Value
	M. Carlo
	CITVAP
	M. Carlo
	CITVAP
	M. Carlo
	CITVAP

	keff
	0.97230
	0.97678
	0.97230
	0.97678
	0.97461
	0.97650

	ks
	0.98022
	0.98337
	0.96488
	0.97116
	0.98374
	0.98177

	Φ IB (n/cm2s)
	2.26E+08
	2.35E+08
	1.27E+08
	1.32E+08
	2.66E+11
	2.41E+11

	Power (W)
	6.59E+00
	7.90E+00
	3.65E+00
	4.50E+00
	8.05E+03
	7.20E+03


The differences between both codes in the value of keff are about 200 and 450 pcm for the photoneutron and neutron generator source, respectively. The values of ks show similar differences. Considering the dispersion in this value observed in the previous analysis, these uncertainties are acceptable. These differences produce similar results in the values of mean flux in the irradiation box and power. 
In the case of the neutron generators a larger value in keff produces a larger value in ks. This behavior is not observed with the photoneutron source, and this can be related to differences in the energy spectrum of the neutron source. The calculations made with the Monte Carlo code were performed with the continuous Maxwell spectrum, while with CITVAP this was not possible. In order to obtain a more reliable result it is advisable to model by the probabilistic code the entire process of neutrons production with the photoneutron source.
It is interesting to compare the values of ks of the different neutron generators. Since these sources are in a core with the same keff, the difference came only from the energy of the neutrons. The result is a better performance of the D-D source, which produces neutrons with lower energy, and therefore higher importance. Even more, while the keff of the core with the photoneutron source is lower, its ks is larger than the one of the D-T source. These results show the strong effect of the energy spectrum in the ks.
Nevertheless it is clear that the most important factor is the source strength, since it has a determinant influence in the reactor power. In both cases the power is reduced, allowing in principle natural convection cooling. Although a thermohydraulic study should be done to corroborate this, it would be a further safety feature for the subcritical system. This mode of operation would be possible even raising the source strength to approximately 2.1014 n/s. This intensity would generate a power of 200 kW, the limit of operation for the RA-6 in natural convection mode.
Since the flux produced by the neutron generators is minimal, this scheme can be utilized for ADS studies. On the other hand, the flux achieved with the other source is better, even considering that a low strength was taken as a reference. This source allowed a flux of 1012 n/cm2s, enough for using the irradiation box, if a source strength of approximately 5.1013 n/s is provided. Given the good control over the pulses of this source, an analysis of their use in time of flight experiences can be performed. A basic study of this possibility is performed in the next section.
It is important to note that similar configurations can be done with the current elements of the RA-6. By coupling a neutron generator or similar sources, studies of ADS physics can be performed. Such experiences are useful for experimental validation of the used models.
6. Analysis of Kinetics Characteristics
As a first inside in the possibility of performing time of flight experiences with the photoneutron source, a brief analysis on the kinetics of the system was performed. Also this kind of study is useful for evaluating the period following a sudden turn off of the accelerator. Finally, the cyclic power variation should be taken into account for materials fatigue studies. Although in this case the power is low, these experiences are useful for developing power ADS. 
The calculations were performed with the Monte Carlo code, utilizing time bins. The reference for this section was [14]. A delta neutron pulse was simulated, evaluating the response of the mean neutron flux in the three elements numbered in FIG. 7. The injected pulse was of 1.1013 n, so in order to maintain a source intensity of 1.1013 n/s a frequency of 1 Hz is required. The results of this calculation are presented in FIG. 8.
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FIG. 8. Evolution of the neutron flux in the three elements numbered in FIG. 7 for a delta pulse.
It is observed that the flux in the fuel element next to the source rises before 1.10-8 s, while that time is required for the neutrons to reach the graphite element. With the elements dimension it is possible to calculate a mean neutron velocity, which is consistent with that of fast neutrons.
After this transmission of the fastest neutrons, the transport time reaches about 10 µs. There is then a period of the order of milliseconds during which the neutron population is dominated mainly by the multiplication of the system, and a plateau is established. After this period the population decreases due to the subcriticality.
This behavior can also be observed analyzing the neutron spectrum in the fuel element near the neutron source, presented in FIG. 9. The spectrum is dominated by the source during the first 10µs. Fission spectrum is then established, it holds for the duration of the plateau and accompanies its decrease.
By the convolution of the results obtained it is possible to calculate the response to a pulse of finite width. A pulse of 1 µs was taken as reference. It was observed that the increasing in the pulse width decreases the fast neutron peak, since now these are spread in time. The calculation showed a neutron peak one order higher than the plateau, which did not change appreciably its magnitude. The times where the source and the fission spectrum dominate were also similar to the case of the delta pulse. 
This analysis allows to estimate the requirements for obtaining a stable or pulsed flux. If a stable flux is required, a frequency of hundreds of Hz would be sufficient to inject a new pulse a few milliseconds after the decrease in the neutron flux begins. It is also necessary to extend the width of the pulse, in order to decrease the initial peak of neutrons. Conversely, a frequency inferior to 100 Hz would be sufficient to prevent the accumulation of pulses.
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FIG. 9. Spectrum in the fuel element near the source at different times.
7. Conclusions 
An analysis of the ADS was performed. Due to the particular characteristics of these systems, a basic validation of the deterministic codes CONDOR and CITVAP was developed. The validation was necessary for several reasons. Although the CITVAP code allows modeling a neutron source, no experience in the use of this feature had been found. Furthermore, the presence of a vacuum tube in the system adds a difficulty in its modeling.
These factors were studied by modeling two reactors, comparing the calculations to those of other authors. The results were encouraging, showing an acceptable agreement with the available data. An important dispersion of the values was observed. The modeling of the vacuum was performed by varying the void fraction of a material in the corresponding region and studying different possibilities for the condensation of the cross sections.
A thermal, low power reactor was proposed as the design goal. Such reactor was intended to be used for the study of the neutron physics of these systems, or as a neutron source for several minor applications, depending on the external neutron source used. The calculations were based on previous models of the RA-6 research reactor. Modifications were proposed to adapt it to an ADS.
The proposed level of subcriticality was 2000 pcm. A vertical beam income was adopted and the use of safety bars was discarded. Different configurations were studied, evaluating the performance of the proposed sources and flux levels achieved. It was observed that the most important factor which determines the type of source used is the intensity of neutrons that the source can deliver.
The calculations with the neutron generators showed a better performance of the D-D source. This is due to the lower energy of the neutrons produced. In both cases the power level of the reactor and the neutron flux achieved were low. Nevertheless, this scheme can be used to perform studies related to the physics of subcritical systems. Also, similar configurations can be done with the current elements of the RA-6. Such experiences are useful for experimental validation of the used models.
Furthermore, the flux achieved with the photoneutron source allows the use of the irradiation boxes. Given the nature of this source, another possible application is to obtain a pulsed flux.
Calculations using a Monte Carlo code showed an acceptable correlation between deterministic and probabilistic codes. A brief analysis of the kinetics of the system was also carried out, to evaluate the possibility of obtaining a pulsed flux with the photoneutron source.
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