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Nearly all risks to future generations arising from long-term disposal of used nuclear fuel are attributable to the transuranic elements and long-lived fission products, about 2% of its content. The transuranic elements of concern are plutonium, neptunium, americium, and curium. Long-lived (>100,000-year half-life) isotopes of iodine and technetium are also created by nuclear fission of uranium. We can reduce the problem transuranics through accelerator-based transmutation.  Accelerator Driven Systems (ADS) have been proposed for over two decades as one technique to transmute used nuclear fuel. This paper covers the history and some new possible applications of accelerator driven systems.
Introduction
Nearly all issues related to risks to future generations arising from long-term disposal of such spent nuclear fuel is primarily attributable to the transuranic elements and long-lived fission products, approximately 2% of its content. The transuranic elements of concern are plutonium, neptunium, americium, and curium, which are produced by neutron captures in the uranium-238 isotope that is the dominant heavy metal constituent of nuclear fuel burned in light water reactors. Long-lived (>100,000-year half-life) isotopes of iodine and technetium are created by nuclear fission of uranium. If we can reduce or otherwise securely handle this 2% of the spent fuel, the toxic nature of the remaining portion of spent fuel after a few centuries of cooling is below that of the natural uranium ore that was originally mined for nuclear fuel. 
[bookmark: _Ref237914120]Accelerator driven systems have four major technology elements: separations and waste forms, fuel fabrication, accelerators, and transmuters, see Figure 1. A well-designed accelerator-driven transmuter would operate in a sub-critical mode, and with limited excess reactivity such that the transmuter cannot reach criticality under any design basis accident [[endnoteRef:1]]. For this type of transmuter, the fission rate is directly proportional to the source neutron production rate. The flexibility enabled by subcritical operation has several advantages: [1: .	 G. Rimpault, EUROTRANS DM1 Safety Meeting, FZK , RFA, 27-28 November (2008).] 

1. Can drive systems with low fissile content (Th or minor actinides), or high burden of non-fissile materials
2. Unlike critical reactors, can safely operate with fuel having a relatively low delayed neutron fraction.
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)Can compensate for large uncertainties in initial reactivity or burnup reactivity swings by varying the source rate, which for an accelerator driven system is proportional to the beam current. 
Past Criticisms / Concerns about ADS 
In 2004, perceived issues with accelerator-based transmutation technology and budget limitations effectively eliminated accelerator-based transmuters as a component of U.S. fuel cycle research. The major points that have been raised in the past are identified in a 1996 National Research Council (NRC) Study [[endnoteRef:2]] that was, from a system cost perspective, very negative on nuclear waste transmutation in general. For accelerator-based transmutation systems, the NRC concluded: [2: . 	“Nuclear Wastes: Technologies for Separations and Transmutation,” National Academy Press Washington, D.C. (1996).] 

1. Accelerator-based waste tranmuters would not eliminate the need for a geologic repository.
2. Accelerator-based systems would be too expensive to be economically viable.
3. Poor economic performance due to the low thermal-to-electrical efficiency (19.3%) of one of the proposed ATW concepts (the pressure tube design).
4. The electrical power produced was too intermittent to be delivered to the electrical grid.
5. For linacs operating at up to 200 mA continuously, concern over beam losses precluding hands-on maintenance of the linac.

The points raised above are addressed in the rest of this section, but in summary many of the 1996 NRC study conclusions were predicated on faulty assumptions of the ATW concepts that were evaluated, for example:
1. The Accelerator Transmutation of Waste (ATW) concepts evaluated by the NRC purported to completely eliminate the need for a HLW repository, which the NRC correctly concluded is incorrect. No proposed transmutation scheme precludes the need for a HLW repository, although they can greatly reduce the quantity of HLW per MW of electricity (MWe) delivered to the grid.
2. One of the evaluated ATW concepts proposed aqueous processing of very young (hence hot) spent fuel; this is an unnecessary requirement that adds unneeded costs to closed fuel cycle concepts.
3. The aqueous and molten-salt processing separations technologies required for an Accelerator Transmuter of Waste (ATW) were immature.
4. The ATW concepts proposed subcritical core thermal powers ranging from 3 to 8.3 GW. While the lower end of this range may be reasonable, there have been no subsequent ATW concepts whose blanket powers approach 8 GW.
5. Superconducting accelerators were not widely used at the time of the study. Superconducting technology has a much lower capital and operating cost than the assumed room-temperature accelerator in the study. The study assumed a 1992 room-temperature accelerator design of 250 mA beam of protons at 1.6 GeV, an accelerator real-estate gradient of 1 MV/m, and a D2O moderated target generating 21015 n/cm2-sec. Modern superconducting transmuter accelerator designs are 20 times the accelerator real-estate gradient and, with superconducting structures, much more electrically efficient, yielding significantly lower capital and operating costs.
Response to criticisms
The intermittent operation of accelerators was a large issue in previous studies based on the fault/trips experienced with existing research accelerators. Given the high accelerator trip rate and the GW of electrical power the transmuter could generate, the swings in grid power produced from an accelerator-based transmuter was deemed too great to be connected to the electrical grid.
[bookmark: _Ref248592628]Newer studies have been done to estimate the additional cost to electrical rates using an accelerator based transmuter. The NRC study concluded that conventional aqueous reprocessing alone, at $2,100/kg, would add about 8% to the wholesale cost of electricity. A study by JAEA [[endnoteRef:3]] has estimated that an Accelerator Driven System (ADS) will result in a 2-3% increase in electricity cost. The cost included operating cost, partitioning, dedicated fuel fabrication facilities, reprocessing, and decommissioning (the retail price of electricity in Japan is about 17¢/kW-hr). A study from Sweden [[endnoteRef:4]] gives another scenario that shows the cost of electricity for ADS + recycling is 30% more expensive than once through. The results they presented are not directly applicable to the fuel cycle presented in this paper, but provide a basis for doing more refined calculations on cost. However, even though the advanced fuel cycles studies show a higher cost of electricity, they are still low enough to be competitive in a future market with the anticipated higher electricity prices using other technologies, especially if carbon emissions taxes are implemented. [3: . 	H. Oigawa, OECD/NEA 9th Information Exchange Meeting on Partitioning & Transmutation, September 26-28, (2006).]  [4: . 	D. Westlén, M.Sc. Thesis, KTH Royal Institute of Tech., Stockholm (2001).] 

The capital cost of an accelerator-based transmuter is expected to be about 130% greater than an equivalently sized reactor, as given above. As will be seen later, we estimate that just 2 or 3 transmuters can support the entire existing fleet of US LWRs. So if the incremental cost to the present electrical rate is based on the adding of two to three more plants (that don’t produce any power), the incremental cost to the electrical rate of the 104 LWRs should be 2 to 5%, not including reprocessing costs. Assuming reprocessing costs add 8% (as concluded in the NRC study), electricity costs would be 10 to 15% greater for a fully implemented ADS system as compared to the current once-through fuel cycle costs. Since operation of the accelerator-driven transmuters is expected to generate in excess of 7 GW of thermal heat, converting that power into a useable energy source is highly advantageous to help recover the facility capital and operating costs.
Electrical generation can be used to cover the transmuter facility’s own operating needs but some storage capacity is needed to be able to run through the intermittent accelerator beam trips.  We expect that improvements in energy storage devices allow for significant energy storage to cover fault interruptions: for example, superconducting coils: 100 MW for 100 s, flywheels ~ MWs, Vanadium Redux Battery ~ MWs, steam storage. A strong push will be made on high capacity storage technologies due to the expected increase in wind and solar power, and these technologies will have the potential for far greater grid interruptions than for an accelerator based system.
Consideration should still be given to converting the generated energy to another form useful for national consumption. One option is to sell the excess power to the grid. Based on recent experience with superconducting accelerator technology, the design of highly fault-tolerant accelerators is a reasonable expectation [[endnoteRef:5]]. Storing energy with the use of the above mentioned energy storage devices could provide the electricity to run through faults if they can store enough energy to enable delivery of steady power to the grid through the intermittent interruptions of order 10 s in duration. [5: . 	I. E. Campisi, F. Casagrande, M. Crofford, M. Howell, Y. Kang, S. H. Kim, Z. Kursun, P. Ladd, D. Stout,  W. Strong, AIP conference proceedings [0094-243X] vol:985 iss:1 pg:1586 -1593 (2008).] 

Other than intermittent operation affecting the quality of the power produced by the transmuter, transients will affect the lifetime of components in the transmuter assembly. Effect of transients on materials and fuels was evaluated at LANL for the proposed Material Test Station [[endnoteRef:6]]. These studies show no significant deleterious effects for core clad or structural materials for the expected accelerator interruptions. Similar studies also show no significant concern for fuels. Effect of transients on reactor structures was evaluated at JAEA [3]. This study showed that the number of allowable trips were determined by the following major components: beam window: 105 trips per 2 yrs of <1 sec. reactor vessel: 104 trips per 40 yrs of 1 sec to 5 min. system availability: 1 trips per week of > 5 min (if used for electrical power generation). [6: . 	E. Pitcher, et al., PHYSOR08 (Proc. of the Int. Conf. on the Physics of Reactors, Interlaken, Switzerland, 2008), log 574.] 

ADS Requirements
The axial profile of the deposited power density in a spallation target is determined by the proton beam energy. A uniform profile reduces excessive local heating. The power density profile is characterized by a smooth curve ending with the Bragg peak where the proton stops in the tungsten. At low proton beam energies, the peak power density is defined by the maximum of the Bragg peak. At high beam energies, multiple scattering and nuclear processes lead to power peaking within a few centimeters of the front face of the tungsten target. Also, neutron production goes as beam energy less a 240-MeV offset, which favors higher beam energy. A beam energy of 1500 MeV distributes the neutron source over an appropriate length (about 90 cm) along the direction of proton beam propagation, and yields high neutron production per unit beam power. 
The beam current of the linac is determined by the required neutron yield. The number of spallation neutrons produced per proton is shown in 
Figure 2 as a function of proton beam energy. Beyond 500 MeV, neutron yield per proton increases linearly with proton beam energy. This linear dependence, extrapolated towards low proton beam energy, has a 240-MeV offset because of nuclear reaction thresholds of neutron production. Simulations show that spallation from heavy sub-actinide metals (Ta, W, Hg, Pb, Bi) all produce about the same number of neutrons. Neutron production from uranium is about 60% greater than heavy metals due to a ~1-barn fission cross-section above 1 MeV. Using the neutron yields from 
Figure 2 and assuming a subcritical blanket reactivity of keff = 0.95, a 1500-MeV, 37-mA beam will produce a transmuter fission power of 3 GW, as shown in .	. Note that lead-bismuth eutectic (LBE) target material exhibits low parasitic neutron capture, so that production and leakage are nearly equal; neutron leakage for spallation targets made of other materials is less than the production yields shown in Figure 4.
The beam current ib required to drive a subcritical core with
multiplication factor keff at a thermal power level Pth is given by

 ib=Pth/Q * (1–keff)/keff * ν/S ,					                   (1)
where	 Q is the energy released per fission (200 to 210 MeV), 	ν is the number of neutrons released per fission (2.43 to 3.2 depending on the nuclides undergoing fission), 	and S is the number of source neutrons leaking into the blanket  per proton delivered to the target.
For a 3-GW blanket,

ib = 14.4  * (1–keff)/keff * ν/S.                  (2)

The accelerator interface requirements must consider material stress limits and safety considerations. Thermal stresses in structural components arise due to beam trips that cause coolant exit temperature to quickly drop to the coolant inlet temperature. Conversely, thermal stresses in nuclear fuel and fuel cladding generally decrease when the beam trips off. A ramped restart of the beam current will likely be required to keep transient thermal stresses below steady- state stresses. The major concern is that repetitive thermal cycling will induce cyclic fatigue and potential failure.
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Figure 2. Number of neutrons produced per proton	Figure 3. Beam power required to drive a    
     incident on target versus proton beam energy.	3-GW blanket versus beam energy.         


Safety considerations that must be addressed in any ADS include beam overpower (excessive current or energy) could potentially cause a power/flow mismatch in the target or multiplier, an unplanned beam shutdown (i.e. for loss of flow or heat sink), and failure of the beam expansion system (rastering or higher-order magnets).
No significant deleterious effects for fuel or structural components are expected when structures are properly designed and ramped beam turn-on is employed.
The present status for ADS accelerator requirements is:
1. Beam current: up to 60 mA (CW for operations, pulsed for tune up and diagnostics)
2. Beam energy: 1-2 GeV nominal energy
3. Current stability: ≤ 1 %  (5% bad, 2% a concern, 1% OK)
4. Safety-class beam shutdown
5. Hard limit on maximum beam current and limit on rate of change
6. Low incidence of beam trips (based on analysis to date, including margin)
7. Beam trips with duration 0.3 s to 100 s	: < 1000 trips/yr
8. Beam trips with duration > 100 s		: < 30 trips/yr
9. Active current control: automatic, independent-feedback, dynamic current-control mechanism driven by blanket power feedback
10. Must have ability to smoothly ramp up (or down) beam current over seconds to minutes
11. Availability during scheduled operation: >95%.
Summary
If the ADS mission is limited to transmuting the component of high-level nuclear waste that drives intermediate-term (300 to 100,000 years) geologic repository performance (that is, transmuting only the Am in used nuclear fuel), the number of accelerator-driven systems needed to address the waste stream from the current U.S. nuclear fleet is two or three 3-GW systems. Estimates on the impact of reprocessing used LWR fuel and operating these three systems is in the range of 10 to 15% greater cost in the wholesale price of electricity.
The whole national strategy towards addressing used nuclear fuel is changing. The Obama Administration plans to convene a “Blue Ribbon Panel” to study approaches to addressing the nation’s high level waste.
In summary, the accelerator needed to drive an ADS is based on demonstrated technologies. Spallation targets have been demonstrated at 1 MW and are scalable to ~100 MW. The major challenges to deploying a closed fuel cycle are related to fuel forms, separations, and waste forms for ultimate disposal. Accelerator driven systems offer potentially cost competitive options for dealing with certain components of a closed nuclear fuel cycle.
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