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�
INTRODUCTION





As more nations acquire the capability to create nuclear weapons interest in making civilian nuclear facilities more resistant to such proliferation has increased.  This increase has been accompanied by proposals for new nuclear power concepts (reactors and associated fuel cycles) that would be more inherently resistant than the existing technologies.  In order to evaluate claims of enhanced resistance it would be valuable to identify quantitative metrics that could be used in comparing such concepts in terms of their nuclear weapons proliferation potential.  In this paper three such metrics are proposed and their use demonstrated.  They can likely be improved upon, and alternative formulations have been proposed by others.  For example the time scales for diversion to occur and the costs of weapons development (Heising, 1979), the quality of the material of interest for weapons application and nuclear weapon energy yield (Mark, 1990), the material of interest power density and toxicity (Galperin, et al., 1999) have all been proposed as measures of nuclear concept proliferation resistance.  Some of these concepts are borrowed for use in this paper.  





In developing the metrics discussed below we took the perspective of a potential nuclear weapons proliferator, asking “What would be the favorable characteristics of a nuclear concept that would be amenable to proliferation?”  This proliferator is assumed to be one like North Korea.  It is a relatively poor, technologically unsophisticated nation that is under surveillance by other nations in an attempt to prevent the nation of interest from acquiring a nuclear weapons capability.  Presumably the initial weapon would be crude.  Its value to its developer may be more for political and diplomatic purposes than military ones.  The initial weapon developed may be more likely to utilize ballistic rather than implosion weapons techniques.





The formulations presented here try to respect three goals:


1.	To keep the number of metrics small,


2.	To keep the number of metrics quantitative, and


3.	To reflect the resource commitments needed for successful proliferation (on the assumption that the costs would matter to the potential proliferator).





These metrics are intended as the first iteration in the development of a set of measures that can serve in guiding the development of more proliferation resistant future nuclear power concepts. 





CONCEPTUAL DEVELOPMENT





Among the most desirable characteristics are the following:


Abundant production of nuclear weapons materials, taking into account the critical mass of the material and its degree of difficulty of assembling into a highly multiplying device,


Easy handling of the material produced, in terms of the scale of equipment needed from both structural and radiation shielding perspectives, and


Difficult detection of clandestinely diverted material.





The concepts presented in this paper are developed for a reactor of a defined power capacity (e.g., 3400 MWt).


�
Production of Nuclear Weapon Materials





In order for any reactor concept to be interesting to a potential proliferator it should be able to produce abundant nuclear weapons materials.  The factors affecting how attractive is such production include the following: the bare critical mass of the material, the difficulty of obtaining the material (e.g., a particular isotopic composition) from spent nuclear reactor fuel, and the difficulty of utilizing the material in a weapon.  





The rate of production of critical masses, N, is of central interest, as it provides a measure of the number of potential weapons that could be ultimately produced.  The metric is N, where N equals the number of critical masses of material of interest produced annually by the reactor, taking into account its planned refueling practices (we assume that any scheme of interest would focus upon reprocessing, or chemical extraction of uranium and plutonium using the isotopic mix produced by the reactor).  Should isotopic enrichment technologies become much less expensive than they are currently then the option of isotopic separation might become of practical interest.





The difficulty of constructing an effective weapon using the material of interest is intended to reflect the resource demands needed in order for the material obtained from the reactor to actually be useful as a weapon.  For purposes of this paper we focus upon the difficulty of creating a highly multiplying assembly, especially upon the probability of a nuclear weapon composed of the material of interest failing to detonate as intended (due to starting the fission chain reaction early during the interval of increasing supercriticality; usually because of undesirable production of neutrons via spontaneous fission).  Crudely this factor is described by the fizzle yield probability (Mark, 1990), P, which is given by the relationship: 





P = 1 - exp(-ny/2), 


where


n  =	number of neutrons produced by the assembly during the interval of supercriticality, and


y  =	maximum probability achieved that a neutron released within the assembly will lead to a chain reaction.





These factors could be defined in terms of the following measures:





� EMBED Equation.3  ���,


where


lSF =	spontaneous fission decay constant,


� EMBED Equation.3  ���    =	mean spontaneous fission neutron yield


ta    = 	time scale to assemble a highly multiplying assembly supercritical mass utilizing the technique of interest, and


	y   =	a function of Sf/ST for the material of interest. 





The basic idea behind using this probability as a measure of difficulty is that a nation trying to develop a nuclear weapon capability would prefer to use the least sophisticated technology necessary, and if they were required by their material choices to use more demanding techniques doing this would impose an unwelcome associated expense.  Thus, using ballistic techniques ta ≈ 0.1 ms.  Using implosive techniques, ta ≈ 10-5–10-6 s. 





The difficulty of obtaining the materials of interest is indicated by the ratio, R, where: 





R = (Cf + C0)/C0,


where 


Cf = 	the cost of obtaining the material of interest from the annual spent fuel from the reactor, and


Co =	the cost of disposing of the high level wastes produced annually by the reactor. 





This measure is intended to reflect the relative marginal resources needed to both produce the material of interest and to dispose of the spent reactor fuel for a year of operation.





From these individual elements an overall measure of the attractiveness of a nuclear concept as a producer of the material of interest, A, is obtained as their product, as





A =  N/(P*R).





Handling of Nuclear Weapon Materials





For purposes of evaluating the difficulty of handling (and transporting) the materials we focus upon the structural requirements imposed by the need for radiation shielding.  The reason for this choice is that the need for massive shielding imposes both costs and (more importantly) an inconvenience in handling the material of interest clandestinely thereby rendering it easiser to detect diversion.  The factors to be considered are the mass of shielding material necessary for occupational protection from radioactivity of the material of interest, compared to that needed for shielding from the material of interest plus any “spiking” materials or for shielding of the radiation from the material of interest in order to make it harder to detect when being transported clandestinely.  Thus, we obtain the measure, S, of such difficulty as





S = (Ms + M0)/M0, 


where


Mf = 	mass of spherical shielding required to surround a critical mass of the material of interest plus any “spiking additive” materials in order to limit the resulting shielding surface dose rate to a specified value , and


M0 =	mass of spherical shielding required to surround a critical mass of the material of interest from the reactor in order to limit the resulting shielding surface dose rate to an occupationally acceptable value. 





This quantity primarily provides a measure of the relative marginal difficulty of transporting the material of interest, relative to that inherent in dealing with the spent fuel from the reactor itself.





The quantity, S, is partially related to the internal heating of the material of interest, and has been suggested (Galperin, et al., 1999) as a measure of proliferation resistance.  It is not included in the set of measures suggested in this paper because it appears to be less fundamental than the others.  It indicates the difficulty of assembling a device that can be cooled passively during storage.  However, a determined proliferator can overcome such limitations using active cooling systems and/or late assembly of the device and use of such cooling concepts as those relying upon cooling material phase change.  The essential point is that the degree of difficulty imposed by the requirement of such measures does not appear to be as great as those addressed by other proliferation resistance indicators.





Clandestine Diversion of Nuclear Weapon Materials





In addition to production and transportation we must be concerned with the difficulty of clandestine diversion of the material of interest.  As with the measures discussed above, concerning diversion we focus upon the difficulty of achieving it successfully.  A more difficult to divert nuclear concept is a more proliferation resistant concept.  A measure of the difficulty of diversion is the expense, E, used to divert a critical mass of the material of interest.





Since diversion is a competition between the potential diverter and the party trying to safeguard the material of interest, with each taking what he hopes will be adequate measures for his success, it follows that neither party can be assured of success regardless of his level of effort, F(E), 1.  From these considerations we can obtain the diversion reliability function, F(E),  





F(E) = Diversion Reliability (expenditure = E),


where 


� EMBED Equation.3  ���


where	dPD = f(E)dE, and 


	dPD is the increase in the diversion reliability achieved by an incremental expenditure taking total expenditures from E to E + dE.





The resistance of a nuclear concept to diversion can be measured by the value of F at a level of expenditure, or alternatively one can compare the respective values of E for different nuclear concepts at a stated confidence level.  Nuclear concepts having higher E values are the more diversion-resistant ones.  





For a particular nuclear concept the functional form of f(E) will depend upon its value of S, and the means of inspection, audit and sample interrogation that can be used to verify that the mass of a sample of the material of interest is at least as great as its intended value (the safeguarder’s success criterion).  The latter activities are intended to provide information which can permit an observer to state that the mass of material of interest present satisfies the success criterion at some level of confidence.  When that level of confidence exceeds an acceptable threshold value the success criterion can be said to be satisfied.





ILLUSTRATIVE EXAMPLE 





We illustrated the ideas presented above by comparing the proliferation resistance of plutonium obtained respectively from a pressurized water reactor (PWR) and from the Thorium-based Seed-Blanket fuel assembly concept, the RTF (Galperin, et al., 1999).  For a 3400 MWt reactor the authors state the results shown in Table 1.  From the data of Table 1 we obtain the results for the metrics discussed above as shown in Table 2.  It is seen that the RTF seed plutonium is less attractive than that from a PWR to a potential proliferator in terms of the critical mass production rate, N, (ratio (RTF-seed/PWR) = 0.14) and the fizzle yield probability, P, (ratio = 1.57), but is more attractive in terms of the costs of plutonium production, R, due to the smaller mass of spent fuel produced by the RTF, (ratio = 0.81).  Overall the attractiveness, A, of the RTF fuel compared to the PWR is equal to 0.11.





Concerning potential detection of material being diverted we can contrast the fission product-related signals that would be generated from the plutonium of each fuel type where a critical mass of each is subjected to a burst of thermal neutrons.  Considering the isotopic distributions and critical masses of the two fuel types the relative fission reaction probabilities of a critical mass of each (RTF/PWR) have a ratio of approximately 0.97 [Parrington, J R, et al., Nuclides and Isotopes, 15th Edition, General Electric Co. (1996)].  Thus, the two are approximately equivalent in terms of the ease of critical mass detection via neutron interrogation.  In terms of the fission probability per unit mass of plutonium being interrogated, the corresponding ratio is equal to 0.86.  For one wishing to detect diversion of a unit mass of unshielded plutonium the probability density functions illustrated in Fig. 2 would apply, where it is seen that with a radiation detection count total threshold, ia, for identification of a plutonium sample being diverted fixed at a stated confidence limit, a, for a sample obtained from a PWR the corresponding confidence limit for detection of a sample of equal mass from the RTF would be smaller.  For example applying Bernoulli statistics a sample (1 kg) of PWR-Pu yielding an expectation of 500 detector events would have  a confidence value of 0.9999 were the detection threshold set at 420 events.  For a sample of RTF-Pu the corresponding confidence value would only be equal to 0.685.  The corresponding ratio of probabilities of successfully escaping detection in this situation would be approximately 3200. 





Now, one might try to shield a plutonium sample from the interrogating neutron source and simultaneously decrease the signal provided outside of the shielding by the resulting fission product radiation.  If this were done by means of surrounding the sample by a sphere of water of radius 1.0 m the expected number of detector events would be approximately 0.008 corresponding to the situation described above.  In this situation the probability of observing zero events would be approximately 0.99 and that of one event 0.01.  The expense of this transition would be approximately $100k (the cost of a water tanker truck), while that of the former mode of transport/shielding would be approximately $100 (the cost of a bicycle).  In this situation for an investment of approximately $100k one could reduce the probability of detection to approximately zero.  Doing this would result in the cdf curves shown in Fig. 3.





In this situation the difficulty of shielding and transport, S, can be obtained as being approximately equal to 200, comparing the masses of the shielded and unshielded vehicles, respectively (assuming that lead shielding of about 10 kg would be sufficient for biological purposes).  It would take this value roughly speaking for both fuel types.  For the unshielded situation S = 1 for both fuel types.  In the case that the resulting plutonium were “spiked” with a source of penetrating radiation similar results would be obtained in comparing the “spiked” versus “un-spiked” versions of the same fuel forms.





SUMMARY AND CONCLUSIONS





Three measures of the nuclear weapons proliferation resistance of a nuclear reactor concept are presented and their use illustrated.  It is seen that they can be useful in distinguishing the merits of different nuclear concepts and resulting plutonium forms.  These formulations are an iteration in the development of proliferation resistance metrics.  The need to continue such developmental efforts will likely grow with increased concerns about proliferation.





�
Table 1.  Comparative Data to Plutonium Produced 


from a 3400 MWt PWR and the RTF [Galperin, et al., 1999]





Quantity�
PWR-Pu�
RTF Seed-Pu�
�
Spent Fuel Production Rate (T/yr)�
27.0�
8.6�
�
Critical Mass (kg)�
5.5�
5.9�
�
Annual Pu Production Rate (kg/yr)�
250�
37.9�
�
Plutonium Mass Percentages:�
�
�
�
	Pu-238�
1.0�
5.9�
�
	Pu-239�
59.0�
46.6�
�
	Pu-240�
21.0�
23.6�
�
	Pu-241�
14.0�
15.1�
�
	Pu-242�
5.0�
8.8�
�
Probability:�
�
�
�
	Nominal Yield�
0.07�
0.006�
�
	Fizzle Yield�
0.35�
0.55�
�
Decay Power (kW/Critical Mass)�
88�
250�
�









Table 2.  Proliferation Resistance Metrics Comparing the 


Plutonium Separated from the Spend Fuel of a 3400 MWt PWR and RTF








Quantity�



PWR-Pu�



RTF Seed-Pu�
Ratio                 (RTF-Pu/PWR-Pu)�
�
Annual Critical Mass Production Rate, N 


(Critical Mass/Reactor-yr)�
45.5�
6.42�
0.14�
�
Fizzle Yield Probability, P�
0.35�
0.55�
1.57�
�
Relative Cost of Obtaining Material of Interest, R�
1.80�
1.26�
0.70�
�
Nuclear Weapons Attractiveness of Material of Interest, A, where A = N/(P*R)�
72.2*�
11.5*�
0.16*�
�
* Estimates based upon the following assumptions:  Cost of terrestrial high level waste repository ≈ $7.0 billion, cost of 1000 T/yr reprocessing plant ≈ $3.0 billion, amortization period = 20 yr.





�
�





Figure 1.  Diversion Reliability Function for Probability of Success of Material of Interest  Diversion, Given an Expenditure of Resources of Value, E.








�





Figure 2.  Probability Density Functions for the Number of Detector Events for Equal 


Mass Samples of Plutonium from the PWR and RTF, Respectively; 


Where the Expected Number of Events for the Former is 500.








�





Figure 3.  Diversion Reliability Functions for Diversion Success, 


Given Expenditure, E.
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