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ABSTRACT
This work proposes and evaluates a design concept, a Fission-Fusion Hybrid Molten Salt Reactor (FFHMSR), which combines two subsystems, a deuterium+tritium (DT)  fusion reactor and a Molten Salt fission Reactor (MSR), with the liquid fuel circulating at a high rate between them.  The purposes of the proposed design are as follows;
(1) to increase the fission energy from nuclear fuels by two orders of magnitude,

(2) to eliminate most fission radioactive waste disposal issues, 

(3) to increase the safety of nuclear energy generation, and

(4) to increase the weapons proliferation resistance of nuclear energy generation.

The proposed FFHMSR system's performance capabilities are explored through simulations.  Improved safety, better proliferation resistance, and lower costs, all of which result from inclusion of the MSR subsystem which eliminates solid spent fuel reprocessing, are summarized and discussed.

Issues investigated include the following;

(1) Can the FFHMSR system, while breeding from lithium all the tritium that it consumes in its DT fusion reactions, also consume by fission 100% of the heavy metal actinides present in either spent LWR fuel, or in depleted uranium, or in freshly mined natural uranium, thus completely eliminating actinides (such as uranium, neptunium, plutonium, americium, curium, berkelium, californium) from the radioactive fission wastes stream while harvesting 100% of their potential nuclear energy ?     
(2) Can a FFHMSR system also reduce the quantities of the longer-lived fission products in its radioactive waste stream by transmuting some of these lighter isotopes via reactions with neutrons, including the high energy neutrons produced by DT fusion?    

(3) Can the FFHMSR system alternatively consume thorium, also without any actinide wastes and with reduced fission wastes?  

(4) Are there molten salt ingredient recipes for steady-state uninterrupted FFHMSR operation in which each fissile isotope is denatured by non-fissile isotopes of the same element, thus making them proliferation resistant?  What are these recipes and what fractions of total plant power must be supplied for them by DT fusion?  
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CHAPTER 1:  COMBINED ADVANTAGES

The Problem

The technical question motivating this work is whether or not the combination of a DT nuclear fusion reactor with nuclear fission implemented as a Molten Salt Reactor (MSR) could provide an attractive solution to the world's expanding demand for energy.
· Developing countries are increasing their combustion of fossil fuel, much of which is imported.  This raises concerns about adequate supply, energy security, and climate change.

· No acceptable alternative to reliance on fossil fuels is known.  Most forms of "green" energy are expensive, intermittent, or both.  Fission in Light Water Reactors (LWRs), which at present offers the best alternative to fossil fuel for base load electric power generation, and fast spectrum fission breeder reactors which have progressed through experimental engineering development, have both failed to gain the public acceptance required for their greatly expanded deployment, at least in the United States and Europe.  Pure fusion reactors are at least several decades away from practical application for energy production.
· While LWRs offer a highly reliable known technology, they require fuel enrichment and incentivize fuel reprocessing and recycling, both of which raise concerns among some about nuclear weapons proliferation.
· The problem of the large and growing long-lived radioactive waste inventory from civilian nuclear power reactors and from legacy weapons programs is without any consensus solution.   At the same time, 99% of the energy potentially available in the uranium mined for use in LWRs is discarded as waste.  
This exploration of a fission-fusion hybrid system explores characteristics such a system would require.  It also evaluates whether a Fission-Fusion Hybrid Molten Salt Reactor (FFHMSR) would address some of the stated concerns.

An Ideal Fission Reactor
Characteristics of an ideal fission reactor system are summarized in Figure 1.

[image: image1]
Figure 1  Ideal Fission Reactor System

Reactors should accept either uranium or thorium, the only two elements from the actinide series that survive in nature.  In addition to uranium and thorium, reactors should also accept spent nuclear fuel (SNF) which contains shorter-lived actinides such as plutonium created by transmutation in Light Water Reactors (LWRs) but not yet fissioned.  Ideally, reactors should fission all actinides supplied to them so that the energy usefully released is maximized and troublesome long-lived radioactive isotopes are minimied in the waste stream. 

Although all actinide atoms release roughly the same 200 MeV amount of energy when fissioned, neither natural thorium nor the uranium-238 isotope that constitutes 99.3% of natural uranium are fissile, meaning that they cannot be fissioned by slow neutrons.  All actinides are fissionable, meaning that they can be fissioned by fast neutrons.  Non-fissile actinide isotopes are also fertile, meaning that they can radiatively absorb one neutron and thus be converted into a fissile nuclide which can subsequently be fissioned by a slow neutron.  
Current Light Water Reactors
Most of the world's presently deployed nuclear power capability uses reactor designs employing ordinary water both to moderate neutrons to thermal energies so that the fission cross sections become large for fissile nuclides, and also to remove heat at a high enough temperature for efficient electricity production.   Such Light Water Reactors (LWRs) are wasteful in that most of the nuclear energy that could be released from uranium is discarded.  First, the isotope enrichment process divides mined uranium into two streams, a smaller stream of enriched uranium which contains most of the mined uranium's fissille uranium-235 content (0.72%) and a depleted uranium stream an order of magnitude larger containing a smaller fraction of the mined uranium-235.  Although the depleted uranium contains most of the nuclear energy potentially available from the uranium-238 isotope, it is discarded before the LWR fuel cycle even begins.  Second, the enriched stream which for electric power generation usage is still mostly non-fissile uranium-238 is used to fabricate fuel rods.  LWRs then fission much of the rods' initial fissile content while, for low enrichment rods, also converting a small fraction of its non-fissile uranium-238 into fissile plutonium-239, some of which the LWRs also fission.  The uranium-235 is fissioned faster than uranium-238 is converted to plutonium-239, and also fissile nuclides such as plutonium-239 sometimes capture a neutron instead of fissioning, thus transmuting into non-fissile isotopes such as plutonium-240.  The result is that over time an initial fuel load becomes depleted in fissile material to the extent that the LWR becomes unable to support a fission chain reaction.  At that point the LWR shuts down.   Some of the spent nuclear fuel (SNF) must then be replaced by fresh fuel before reactor operation can resume.  Although the removed SNF still contains a small amount of fissile material together with its fission products, much of the SNF consist of non-fissile actinides, mostly uranium-238.  The LWR fuel cycle slates these contents for disposal in long-term radioactive waste storage.   However, the potential nuclear energy content of the non-fissile actinides remaining in SNF is an order of magnitude larger than all of the nuclear energy already released from the fuel.  Thus, the LWR fuel cycle releases only about one percent of the potential nuclear energy content of mined uranium, discarding the other 99%. 

An inseparably related issue is that the solid fuels used in LWRs are physically disrupted by fission. This should not be surprising since the combined volume of the two daughter fission product atoms is almost twice the volume of the original actinide atom before it fissions.  In solid fuel designs, a coolant flows in narrow spaces between fuel rods (or pellets) in order to maximize the total heat transfer area, but the fuel is also surrounded by close-fitting cladding material which keeps fission products out of the coolant stream. 

Early experiments in the 1940s and 1950s using metallic uranium alloys to construct solid metal fuel rods found that their cladding would fail soon after starting operation due to swelling of the metallic fuel.  It was then learned that uranium oxide (UO2) ceramic material can operate much longer before fuel swelling causes cladding failure, although cladding failure due to solid fuel swelling eventually occurs if the fuel rods operate long enough.  Increasing the initial gap between the fuel and cladding is not an option since it would excessively impair heat transfer.

Thus, fuel rod life is determined by its acceptable damage burnup rating which is measured in units of Megawatt-Days per Metric Ton of Uranium.  It is not determined by the exhaustion of fuel rod fissile isotope content. For naval propulsion applications where small reactor size is prized, highly enriched uranium remains highly enriched when the rods reach their burnup damage limit, a situation that motivates reprocessing and recycling of the spent fuel.  For civilian applications there have been efforts to restrict uranium enrichment to low levels where the fissile content becoming too low to support a critical chain reaction occurs at about the same time that the fuel swelling approaches its cladding damage limit.  
This review is provided to emphasize that an inseparable part of any solid fuel cycle is its outgoing stream of spent fuel needing disposal or reprocessing or both, and that this stream is determined by materials damage to solid fuel.  In contradistinction, the fuel in a molten salt reactor (MSR) is an ionic liquid which by definition has no internal structure to damage.  The MSR's barriers separating liquid fuel from nonradioactive coolant are located in a heat exchanger outside the reactor and are not affected at all by swelling of the liquid fuel.  
Fast Breeder Reactors
The main reason for LWRs discarding most of the potential nuclear energy is that LWRs and other presently deployed fission reactors don't produce enough neutrons to fission all of their actinides.  Fast breeder reactors could release all of the potential energy content because their faster neutrons cause fissions that release more daughter neutrons.  In order to make a breeder reactor it is necessary that more than two neutrons per fission be produced on average and used, one to keep the chain reaction going, one to transmute a fertile nuclide into a fissile one, and an additional fraction of a neutron on average to compensate for leakage losses and parasitic captures.  Since higher energy neutrons causing fission result in more daughter neutrons, fast breeder reactors avoid neutron moderation so that neutron energy remains high, as close as possible to the fission spectrum, whose maximum is at a neutron energy of about 0.7 MeV.  With this strategy and with the use of plutonium-239 with its higher neutron yield, the average number of neutron daughters from each fission in a fast breeder reactor exceeds two by barely enough that in an optimized design plutonium-239 can be produced from uranium-238 as fast as or slightly faster than it is consumed by fission.  

However, there are unwelcome aspects of fast breeder reactors.  Since the fission cross sections are two orders of magnitude smaller for fast neutrons than for thermal neutrons, a vastly larger fissile inventory is needed in a fast breeder reactor just to maintain its critical chain reaction than is needed in a LWR.  Second, since all neutrons that can be released are devoted to maintaining the breeding scheme there is no possibility of also burning long-lived fission products with additional neutrons.  Third, the fast breeding schemes that at present have been developed to the point where they could be immediately deployed, require fuel recycling, i.e., the periodic removal of irradiated solid fuel elements, their chemical reprocessing to recover and concentrate their bred plutonium and other fissile actinides, then re-manufacturing of fresh solid breeder fuel from the hazardous highly radioactive actinides.  This is unlike LWR fuel manufacturing which uses low radioactivity uranium.  Unless a fuel reprocessing plant were adjacent to every reactor this would also require long-distance transportation.  Therefore, the deployment of such fuel-efficient fast breeder designs has been impeded by concerns about the high costs of reprocessing and re-manufacturing the highly radioactive solid fuels, and also by concerns about how to maintain both safety against accidents and security against potential threats of diversion of fuel during tramsport.  
Hybrid Fission-Fusion Reactor

Combining Deuterium + Tritium (DT) fusion with fission in a fission-fusion hybrid as in the present proposal results in the synergy of an abundance of neutrons.  Neutrons with energies as high as 14 MeV are rarely produced by fission but all DT fusion events result in 14 MeV neutrons.  When a 14 MeV neutron causes an actinide fission to occur, more daughter neutrons are produced than in typical fission chain reactions, 4 or 5 or even more daughters per fission instead of 1, 2 or 3.   Single 14 MeV neutrons can also directly cause fast fission of non-fissile but fissionable isotopes at higher rates than can fission spectrum neutrons, and each of these fissions also releases many daughter neutrons.  Each daughter neutron can then be absorbed by a fertile nuclide such as uranium-238, converting it to a fissile nuclide, e.g., plutonium-239.  With this steady supply of fissile nuclides resulting from DT neutron irradiation of actinides, a critical fission reactor with a slower neutron spectrum than a fast breeder and thus a smaller fissile inventory to maintain criticality can be continually fueled.   In this way, 100% of all actinides can be fissioned, which greatly increases the energy available from fission while ameliorating nuclear waste disposal issues by eliminating actinides from the waste stream.  
If in a fission-fusion hybrid reactor the rate of DT fusions each releasing 17.6 MeV of energy were equal to the rate of actinide fissions each releasing 200 MeV of energy, then 17.6/(17.6+200) = 8.1% of plant power would be contributed by fusion while 91.9% of plant power would result from fission.  However, the fusion rate can actually support a much greater fission rate.  Computer studies from the present investigation show that within a molten salt fusion blanket containing uranium-238, each incoming DT fusion neutron causes an average of more than 0.4 fissions and also some (n,2n) reactions which together release additional neutrons.  The net result per incoming 14 MeV DT neutron is that more than 80 MeV from fission is released within the blanket and 2.3 fertile nuclides are converted to fissile nuclides.  Fission of those 2.3 fissile nuclides would release about 460 MeV additional.  If that were the entire story then the DT fusion power (most of which is deposited in the fusion blanket) would fractionally be about  17.6/(17.6+80+460)=3.15% of plant power, the additional nuclear fission power released in the blanket would be 80/(17.6+80+460)=14.35% of plant power. and the critical fission reactor would produce the remaining 83.50% of plant power.
However, that is not the entire story since the critical fission reactor also itself converts non-fissile but fertile actinides to fissile ones.  The conversion ratio (CR) of a fission system is defined for its particular spatial distribution of fuel, moderator, and other materials as being the ratio of the atoms per second rate at which the system internally converts nuclides from non-fissile to fissile isotopes divided by the atoms per second rate at which the system consumes fissile isotopes by fissioning them.  If greater than one the conversion ratio is instead called the breeding ratio (BR) but it has the same definition.  

Consider a critical fission reactor with a CR of 0.5.  If supplied from an external source with 1024 additional fissile atoms, while fissioning them it would produce another 512 fissile atoms by conversion.  While fissioning those 512 it would produce another 256 by conversion and while fissioning them it would produce another 128, etc.  Obviously the sum of this infinite series is the same result as multiplying the externally supplied fissile atoms by the factor, 1/(1-CR). If the conversion ratio of the fission reactor used in a hybrid is high, i.e., only slightly less than one, then this factor becomes huge. This implies that the sustainable steady rate of actinide fission in the fission reactor supplied by fissile fuel created in a fusion reactor is further increased by the fuel usage multiplying factor which can be large.  For instance, the typical LWR conversion ratio of CR=0.6 would allow the LWR to continually fission actinides at 2.5 times the rate that fissile material was supplied to it by DT neutron irradiation of actinides.  For another instance, the High Temperature Gas-cooled Reactor (HTGR) typical conversion ratio of CR=0.8 would provide a fuel usage multiplying factor of 5 for its fission rate.   Yet higher conversion ratios are possible using other designs.  Although heavy water would be a candidate moderator for a very high conversion ratio reactor, it is expensive and would require high pressure confinement at moderate temperatures.  Pure "reactor-grade" graphite seems almost ideal to use as a high conversion rate moderator since it has almost as low an absorption cross section for neutrons as heavy water, but it is compatible with high temperatures at low pressure and it is chemically almost inert.  If a conversion ratio of CR=0.90 or CR=0.95 can be achieved in a graphite-moderated reactor, then a fission rate can be sustained that is 10  or 20 times the rate that fissile isotopes are supplied from a DT irradiation fuel source. This graphite-moderated approach could result in the DT fusion fraction of total plant power being as small as 0.2% to 0.4%.  
It is worth noting that since the fission reactor's multiplying factor decreases the fraction of plant power that must be provided by DT fusion, that in turn makes it easier to breed the tritium needed for DT fusion within the critical fission reactor subsystem.   It is also worth noting that since extra neutrons could be made available simply by increasing the tiny DT fusion fraction of plant power, it becomes feasible to implement schemes in which long-lived radioactive fission products are transmuted into other isotopes having shorter half-lives, thus further simplifying long-term radioactive waste disposal issues beyond just the elimination of all actinides.  
CHAPTER 2   BACKGROUND:  FISSION AND FUSION
Molten Salt Reactor Background
Molten Salt Reactors (MSRs) form a class of novel nuclear reactors which in the past have been operated experimentally but are at present in conceptual design.   The MSR class of designs has been adopted internationally as one of the Generation IV reactor design families to be developed for possible future use, and there is substantial technical research interest in MSR's within the international nuclear engineering community.  

Molten Salt Reactor (MSR) designs employ liquid salt mixtures including fissile fuel nuclides and frequently also including dissolved fertile nuclides such as Th-232 or U-238.  Most MSR designs have adopted fluorine-based molten salts such as UF4, PuF3 and ThF4 dissolved in a carrier liquid mixture of NaF, ZrF4, LiF and/or BeF2.  Other MSR designs described in publications (References) have proposed using chloride-based carrier salts (e.g., NaCl) mixed with uranium chloride and plutonium chloride in order to achieve a harder neutron energy spectrum.    
Historically, the first MSR built and operated was the Aircraft Reactor Experiment  (ARE) which operated at Oak Ridge National Laboratory (ORNL) in 1954 (without ever flying ) for a 1000 hour test cycle delivering 2.5 MW of heat at 860 C for jet engine propulsion tests.  Later, the 8 MW Molten Salt Reactor Experiment (MSRE) at ORNL operated more than 17,000 hours from 1965 through 1969, testing fission operations with a succession of different fuels, using molten salt mixtures employing successively U-235, U-233, and Pu-239 as their fissile components.  An ORNL detailed design of a breeder reactor employing the MSR concept was completed in the early 1970s but never built.  The 1970s failure to further develop the MSR does not reflect any defect in its concept.  In the wake of the Vietnam War, political upheaval and tight budgets in the US had strengthened skepticism about government development of advanced technology leading in other areas to e.g., early cancellation of NASA's lunar landing program, rejection of a Supersonic Transport aircraft development program, and cancelation of the nuclear rocket program (NERVA).  Concerning MSRs, the political argument was made that the USA did not need to develop competition for its already deployed light water reactor technology.  There was also the technical criticism that even though the lithium component in the MSRE's molten salt was depleted in the lithium-6 isotope, as was also the case for proposed future designs, that it still produced radioactive tritium as an unwanted byproduct.  

However, since the 1970s, engineering interest in the MSR has continued.  Today, groups in Japan, Russia, Germany, France, the USA, and other countries are conducting MSR research in the quest of optimizing MSRs as Generation IV designs.   

The most striking characteristic of MSRs is that their fuels are liquid and thus can be made to flow. This confers several advantages as follows:

1. For the ARE application, spent fuel could be quickly drained and replaced with fresh fuel within the brief intervals then expected between flights. In more recent MSR designs, fuel is moved by gravity from the core to passively cooled dump tanks in an emergency.

2. External cooling becomes possible because of fuel flow. Heat can be removed in heat exchangers located outside the critical core region where fission occurs.

3. Delicate solid fission fuel and cladding structures vulnerable to meltdown damage in light water reactors (LWRs) are eliminated,

4. Life-limiting damage to solid fuel is eliminated since ionic liquids don't have any structure to damage.
5. Fission products can be continuously removed and make-up fuel added while operating.
6. A low radioactivity source term for accident releases can be achieved. 

7. Low reactivity margin for criticality optimized designs are feasible. 

These attributes may simplify the safety situation for an MSR design.  Indeed, MSRs are not subject to core meltdown accidents since, tautologically, their fuel is already melted during normal operation.  Their salts are chemically stable so they cannot burn or explode. Furthermore, an MSR thermal conversion cycle using helium in a closed Brayton cycle instead of water/steam would also avoid any steam explosion hazard.  For these reasons some have termed MSRs as including Ultimate Safe Reactor designs.
Fusion Background
Fusion Reactions

Fusion reactions were discovered in Cockraft-Walton accelerator experiments in the early 1930s.  Their study led to Hans Bethe's 1939 explanation of fusion as the energy source powering our sun and all other stars.  In later decades he showed that by several processes stars convert groups of 4 protons into single helium-4 nuclei plus 26.8 MeV of released energy.  These combined processes yield almost eight times as much energy per unit mass as uranium fission, their hydrogen fusion fuel source is vastly more available than uranium, and their fusion byproducts are not radioactive.  

However, such fusion processes involving the protium isotope of hydrogen proceed far too slowly to be useful in machines that humans could consider building.  The bottleneck is beta decay.  For stars the size of our sun and smaller the main pathway involves the combination of two protons which immediately reverses due to instability of helium-2 unless an unlikely simultaneous beta decay converts one of its protons into a neutron.  In more massive stars where the carbon-nitrogen-oxygen cycle instead predominates, each step of the chain is also timed by beta decay.  
Fusion reactions of deuterium avoid protium's beta decay issues, yielding larger effective cross sections.  Deuterium, which on earth is present as 1 out of every 6700 hydrogen atoms, i.e., 4 * 1016 kg worldwide in earth's oceans, is also vastly more common than uranium or thorium.  All fusion reactions with cross sections large enough to consider for energy production involve deuterium or its immediate fusion reaction products.  These reactions are as follows:
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Reaction (R1) listed above requires only deuterium fuel and produces protium, tritium, helium-3, and neutrons via two branches.   Reactions (R2) and (R3) describe fusion of deuterium with tritium or helium-3 nuclei which could have been created as byproducts from reaction (R1).  Reactions (R4), (R5), and (R6) describe fusion between byproducts of reaction (R1).
It is interesting that if reactions (R1) were combined with reactions (R2) and (R3), at appropriate rates, tritium and helium-3 would appear only as catalyzing agents.  The net catalyzed deuterium pure fusion reaction, as follows, would then provide 4.23 times as much energy per unit mass as uranium fission without any net production of radioactivity and without suffering any rate limitations from beta decay processes.
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It is also interesting that fusion reactions (R3) and (R5) produce only charged particles without any neutrons or gamma rays.  
However, these reactions are not equally accessible for engineering use.  The following plots describe cross sections for the first four of these fusion reactions; the cross sections for reactions (R5) and (R6) are smaller and are omitted.  In the (a) graph, the fusion cross sections for monoenergetic nuclei hitting a stationary target are shown.  The (b) graph shows the product of those cross sections times velocity averaged over an assumed Maxwellian velocity distribution and plotted vs. temperature, such that the volumetric rate of the fusion reaction is as follows: 
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 is their fusion cross section, v is their relative collision velocity, and the angled brackets or overbar are alternative symbols which denote averaging over the Maxwellian velocity distribution. The plots show that the fusion cross section for the deuterium+tritium (DT) reaction is much larger than the other fusion cross sections, larger by about two orders of magnitude.  For this reason most fusion research has pursued the DT fusion reaction for power production without involving DD or other fusion reactions.   Regardless of the fusion scheme, the 3.5 MeV helium-4 nucleus (i.e., alpha particle) produced by DT fusion remains in the hot plasma and provides some self-heating while the 14.1 MeV neutron carrying 80% of the DT energy yield escapes and must be captured in a surrounding blanket to harvest its energy.
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Figure 2  Fusion Reaction Cross Sections

Figure 2:  Plots of vs. energy and <v> vs temperature for selected fusion reactions, 

from Introduction to Fusion Power by R.G.Mills, 1977.  
Here, 1 keV is the average particle energy at a temperature of 11,605,000 Kelvins. 
To keep fueling a pure fusion DT reactor, a blanket absorbing neutrons from the DT reactions must also breed tritium via the following nuclear reactions:
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The cross section for the exothermic lithium-6 reaction is very large for thermal neutrons but modest at the 14.1 MeV energy of DT neutrons.  The endothermic lithium-7 reaction does not occur for neutron energies below 2.5 MeV but is comparable to the lithium-6 cross section at high neutron energies.  Breeding must produce at least one new tritium for each tritium consumed by DT reactions, so some form of neutron multiplication augmenting the lithium-6 reaction is needed to counteract inevitable losses.  Lithium-7, constituting 92.6% of natural lithium, could provide that multiplication by its release of an additional neutron along with tritium.   Beryllium could provide (n, 2n) reactions.   Alternatively, some fissionable heavy nuclei could abundantly multiply neutrons.  
Fusion Energy Gain

Fusion reactor schemes are inherently different from fission reactors in that they require a considerable effort to create and/or maintain the unearthly conditions under which fusion becomes possible.  Fission systems will react at ambient temperature and pressure if fissile material such as uranium-235 is simply assembled into a critical geometry.  Typical fission engineering concerns are with controlling the fission reaction, removing its heat for thermal energy conversion, shielding its radiations and containing its radioactive byproducts.  
In contrast, fusion fuel must be heated to incredible temperatures, then held together under sufficient pressure and for sufficient time for net fusion energy to be released.  Fusion reactor schemes inherently require a substantial power investment for heating and confinement, requiring that some electric power must be fed back to operate the reactor systems instead of being sold.  Obviously the amount of electric power fed back to operate the system must not exceed the electric power produced, and if they were  equal there would still be no power to sell.  

The fusion energy yield in most schemes is collected as heat in a high temperature material blanket, then transferred to drive an external thermal conversion cycle producing electricity.  An important fusion figure of merit is the energy gain ratio:
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This energy gain ratio as commonly defined is limited to considering the plasma only.  This is appropriate for research focused on the plasma but for practical engineering purposes concerning a fusion reactor system it is necessary to also include other associated energy losses such as the electrical efficiencies of plasma heating systems, power losses in the plasma-confining electromagnets, and losses in other subsystems.  This has led to definitions of an "engineering Q" value, QENG, as the ratio of output power to all input power that must be invested to obtain the output power.  It is regrettable that there is no consensus on whether the output power value used in this definition should be output electric power or instead the output thermal power.  If the output thermal power is used then QENG needs to be multiplied by the thermal energy conversion efficiency to get a meaningful fusion energy gain result.  In either case the same electricity gain factor can be calculated for a detailed design.. An electricity gain factor less than 1 means electricity would need to be purchased from other suppliers to operate the system, a gain factor of 1 means that all electricity produced is fed back to operate the system with no power left over to sell.   A gain of 2 means that half of the generated electricity is consumed internally while the other half could be sold.  A value of 3 means 1/3 is consumed internally, etc.  For each of these examples the stated value of Q for the plasma alone would be larger than the electricity gain factor, but how much larger depends on the details of the losses excluded from the definition of Q.  
The Q value that would be needed for economically competitive pure fusion energy is not accurately known but typical estimates quote Q>25 as a threshold value.
It is theoretically possible to have a fusion reactor system for which Q=∞, the situation termed "ignition".  This condition occurs if the 20% of fusion power that remains in the plasma as a population of alpha particles born from fusion at 3.5 MeV per particle, which is slowing down by coulomb scattering on other plasma particles, provides enough plasma heating to keep the plasma at thermonuclear temperatures without any additional external heating power.  
Fusion for diagnostics via Particle Accelerators

There are commercially available relatively inexpensive sealed accelerator systems called "neutron tubes" which drive internal DT fusion neutron sources.  They are physically small enough to be lowered down into an oil drilling shaft for wellhead logging.  These are used to identify components of the rock surrounding a well by analysis of the gamma rays returned in response to 14.1 MeV neutron pulses.  An online survey of their claimed 14.1 MeV neutron rates, their ion beam currents and their accelerating voltages allows one to back out their energy gain values, which are found typically to be near Q=10-5.  (Reference) This example illustrates the fact that alhough compact accelerators easily access the energies needed to study fusion reactions or to use fusion neutrons for diagnostics, they consume far more energy than is released so are not useful for net fusion energy production.  With strong coulomb repulsion acting between nuclei, scattering cross sections exceed fusion cross sections by orders of magitude.  Most energetic ions just cause heating of the accelerator target.  
Fusion for Energy Production
Practical harnessing of fusion for energy production requires that the scattered particles must retain sufficient kinetic energy to cause fusion in their subsequent collisions, most of which will also be scattering events instead of fusion.  However, that doesn't happen when an energetic ion beam hits a cold target. This implies that scattering must not, on average, slow the nuclei and that in turn implies most target nuclei must be in random thermal motion with a kinetic energy in the fusion range, i.e., more than about 10 keV.  Fusion reaction cross sections involving either deuterium or tritium are insignificant at kinetic energies at or below 1 keV but are large enough for substantial energy release at energies of 10 keV to 100 keV or more.  Therefore, for useful Q values it is necessary to physically confine a plasma at temperatures of 10 keV or more at sufficient density and for sufficient time duration to obtain a large energy release. 
At present the only man-made devices that have ever released net energy from fusion are thermonuclear bombs, which reach the Q=∞ condition and ignite. With these the time duration for fusion energy release is very brief.
Inertial Confinement Fusion
Inertial confinement is an inherently pulsed approach that is being vigorously pursued through research.  Inertial confinement schemes attempt to make a sequence of tiny H-bombs by rapidly heating and compressing fusion fuel pellets to thermonuclear temperatures without fission bombs as triggers.  
The basic geometry of an inertial fusion reactor conceptual design can be described as nested spherical shells and an assortment of penetrations through those shells.  In the evacuated central region, tiny h-bombs repetitively explode at a frequency of about 10 blasts per second.  Surrounding the central blast region is a "fusion blanket" spherical shell which intercepts and absorbs neutrons emanating from the series of blasts.  It is formed by a set of pressure-tight ducts through which a pressurized fluid, either a gas or a liquid, is flowing. The radial thickness of the fusion blanket shell is a design choice made based on the optimization tradeoff between neutron absorption and cost factors, but it is not expected to exceed one meter.  

Beyond that is the outer shell, a spherical vacuum vessel.  The vacuum vessel must be sufficiently thick that it is mechanically stable and strong enough to serve as the atmospheric pressure boundary, the structural barrier for internal explosions, and also as the structural support for the ducts which form the fusion blanket.  
There are ports which penetrate through the vacuum vessel, each one of which is covered by a bolted vacuum-tight port cover with a central transparent window through which laser light can pass.  Immediately inside each window there is a matching port-sized penetration through the fusion blanket so that a laser beam can pass through both shells to focus on a central pellet.  

There are also vacuum vessel fluid penetrations which allow pressurized flowing fluid to go between pipes on the inside and pipes on the outside of the vacuum vessel without allowing any in-leakage of either the fluid or air.  These penetrations must have removable pressure-tight fittings on both sides.  There must also be flexibility provisions to relieve stress if the pipes on either side of these penetrations are not sufficiently flexible.  

The fluid flowing in the fusion blanket ducts arrives at the inertial fusion reactor after flowing there in external pipes from the pressurized discharge side outflow of a circulating pump.  The fluid passes through the penetration fittings into a fusion blanket duct, flows through the duct while absorbing heat from the fusion reaction neutrons, exits the duct and flows through a different vacuum vessel penetration into different external pipes.  These take the fluid to an external heat exchanger which removes the heat that resulted from absorbing the fusion neutrons, transferring the heat into a different fluid for thermal conversion and ultimately for generating electric power. Fluid emerging from the heat exchanger returns through pipes to the circulating pump, thus completing the loop.  
It is essential that the fluid leaving the reactor needs to be at a high enough temperature that electricity can be produced from it using conventional thermal conversion equipment,  

As for the need to breed and collect tritium for use in the exploding pellets, this is accomplished either by using a liquid containing lithium as the circulating fluid or alternatively using a solid containing lithium and mounting the solid inside each duct where the circulating fluid can remove the considerable heat generated from it.  Regrettably, although the difference between these options is striking there is not a consensus as to which option should be adopted.  
If the design option of a liquid containing lithium is chosen then the bred tritium will be removed from the circulating loop by a continuous extraction process at a location external to the fusion reactor.  Fresh lithium to replace the lithium consumed will be continuously added. The tritium inventory in the liquid will never be permitted to build up to a large size, thus eliminating any severe safety risk.  If maintenance is needed due to damage to the fusion blanket modules, the liquid can be entirely drained first.  It will never be necessary to open a fusion blanket module to remove and replace solid breeder material inside it.
If instead a solid material containing lithium were chosen for tritium breeding then it would be necessary to periodically shut down the reactor to remove and replace the solid breeder material with fresh lithium-bearing material and to collect the large and potentially dangerous inventory of tritium bred during the prior fusion operating period.  The solid breeding material assemblies located inside the pressure-tight fusion blanket modules would need to themselves be covered by cladding material that would prevent tritium loss while the fusion blanket modules were open and the solid breeding material was being removed.   The removed modules would then need to be transported to a chemical reprocessing plant where they would be dissolved in order to release and collect their inventories of tritium,
Although the need to periodically replace solid breeder material is analogous to the need to periodically replace spent solid fuel in a fission reactor, their different geometries make the solid breeder fusion blanket requirements far more difficult to carry out.  In fission reactors a single pressure-tight upper lid structure can be unbolted, then removed vertically from the shut-down reactor using an overhead crane.  Then the overhead crane can lift and replace any or all of the fuel assemblies.  In contrast, in the spherical inertial fusion geometry, access to solid breeder assemblies located inside fusion blanket duct modules would only be possible from inside the sphere.   Separate pressure-tight covers would be needed for each fusion blanket module due to the spherical curvature of the surface on which the modules would be mounted. 
There are other inertial confinement system details to be developed if the scheme were eventually deployed.  For instance, it has been suggested that during the 100 millisecond intervals between successive explosions some form of protective liquid should be sprayed onto the explosion-facing first wall side of the fusion blanket  to reduce wall erosion damage, and for another instance schemes have been suggested for clearing out floating debris from the chamber between explosions.
Inertial confinement fusion experiments started in the USA during the 1970s.  Most experiments have relied on very high power lasers but some have instead pursued the use of charged particle beams. The USA recently (2009) finished constructing a large inertial confinement fusion experiment at the Lawrence Livermore National Laboratory called the National Ignition Facility (NIF).  Housed in a 10 story building with the width of 3 football fields, its 192 laser amplifier "beamlets" produce 500 terawatts of ultraviolet 351 nm light in a 3.6 nanosecond pulse, focusing the total 1.8 megajoules with a temporal accuracy of a few picoseconds onto a 2 mm diameter target capsule containing milligrams of cryogenically frozen deuterium and tritium.  Targets are suspended at the center of a 130 metric ton, 10 meter diameter spherical target chamber able to withstand an energy release of 45 megajoules, equivalent to the    explosion of 11 kg of TNT.  Since October 2010, NIF has been conducting a series of "ignition" experiments with the goal of achieving fusion energy gains greatly exceeding one.  Unfortunately, so far the fusion produced has displayed a fusion energy gain far smaller than one, releasing much less fusion energy than the 1.8 megajoules of laser light focused on the target.  When one considers that the glass lasers themselves have an energy efficiency of only about 1% and that a practical energy production system would need to explode 10 pellets per second instead of the present rate of 1 pellet per day, it is clear that inertial fusion is not ready.  Since it appears very far from practical reality it is excluded from further consideration within this study
Best Fusion Performances to Date

So far the best controlled fusion gain performance has been realized with steady magnetic confinement, using tokamaks.  Record Q values reached to date were Q=0.28  achieved during a 1 second pulse in 1993 in the Tokamak Fusion Test Reactor (TFTR) then located at Princeton University's Plasma Physics Laboratory in New Jersey, Q=0.6 achieved during a briefer pulse in 1998 at the Joint European Torus (JET) near Oxford, England, and Q=0.22, also at JET but lasting 5 seconds.  

It is hoped that after the International Tokamak Experimental Reactor (ITER) now under construction in Cadarache, France is completed and tritium is finally introduced (first tritium is now scheduled for 2027), that ITER wiill soon thereafter achieve its goal of demonstrating Q=10 operation for pulses lasting  20 minutes. 
 Magnetic Confinement Fusion
Geometry issues for magnetic confinement fusion are analogous to those for inertial confinement fusion but they are more difficult because the geometry must be toroidal instead of spherical.    Back in the 1950s after it was discovered that "magnetic mirrors" could trap some plasma particles in an open cylindrical solenoid by placing a stronger magetic field region at each end, there was hope that a simple fusion reactor geometry could be developed.  However, pitch angle scattering caused the trapped particles to leak out the ends at high rates, following open field lines.  The mirror fusion research program was finally cancelled in 1985 after three decades of trying to further reduce the excessive leakage that still flowed through those "mirror" ends.  

Most subsequent magnetic confinement fusion research has been on closed confinement schemes, i.e., those in which all magnetic field lines in the plasma stay in the plasma.   Due to the divergence-free nature of magnetic fields all such configurations have the shape of a torus.

In 1951, I.E. Tamm and A. D. Sakharov of the Soviet Union had proposed the tokamak and L. Spitzer of the United States had proposed the stellarator, both toroidally-shaped closed confinement schemes with the goal of harnessing nuclear fusion for energy production.  These two approaches have survived to the present time as, respectively, the most successful and the second most successful magnetic confinement approaches.  The major difference between the tokamak and the stellarator is that tokamak magnetic fields are axisymmetric whereas stellarator magnetic fields are not.  Otherwise they are similar. They are topologically identical but stellarators have non-axisymmetric deformations that occur in a regular periodic fashion.   Constructional differences are that tokamaks use entirely planar coil windings that are cheaper and easier to construct and the tokamak confinement principles are more forgiving of small coil alignment errors that do not violate axisymmetry.   Operational differences between the two are that it has been easier for tokamaks to initiate plasmas and reach high temperatures while it has been easier for stellarators to operate continuously; but on the other hand both have succeeded in doing both.  
There are also some other closed confinement schemes such as the Field Reversed Configuration or the Spheromak, or the toroidal pinch,  but so far these have been less successful so they are ignored here.  

Using a tokamak or a stellarator, the geometry of a fusion reactor can be described as nested toroidal shells and an assortment of penetrations through those shells.  In the evacuated central toroidal region, a toroidal plasma exists with most of its contents at temperatures between 10 keV and 20 keV.   Surrounding the plasma is a fusion blanket toroidal shell.  It is formed by a set of pressure-tight ducts through which a pressurized fluid, either a gas or a liquid, is flowing. The thickness of the fusion blanket shell is a design choice made based on the optimization tradeoff between neutron absorption and cost factors, but it is not expected to exceed one meter.  

Beyond that is the toroidal vacuum vessel.  The vacuum vessel must be sufficiently thick that it is mechanically stable and strong enough to serve as the atmospheric pressure boundary, to withstand the transient forces caused by magnetic interactions with eddy currents induced to flow in the vessel during plasma changes, and also as the structural support for the fusion blanket ducts which form the fusion blanket.  Several ports penetrate through the toroidal vacuum vessel, each for the purpose of providing a pathway between the inside and the outside for a particular function.  Some of those need to have straight line-of-sight pathways from outside to the plasma, for instance so that neutral beams of accelerated deuterium or tritium atoms can be injected into the plasma thus providing auxiliary plasma heating, fueling, and non-inductive plasma current drive.  For line-of-sight penetrations such as the neutral beams the fusion blanket is also removed in the same locations so that an incoming neutral beam can reach the plasma.  For other vacuum vessel penetrations not requiring straight line access to the plasma, such as ports bringing in radio frequency power in waveguides to be coupled through antennae into the plasma for auxiliary heating or noninductive plasma current drive, the incoming path is curved and a fusion blanket module labyrinth formed around it to avoid the loss of DT fusion neutrons by streaming through the penetration.  The fusion blanket duct modules uses vacuun vessel penetrations to bring fluid from external pipes outside and to return heated fluid to other external pipes; then the fluid flows in the external part of the closed loop through a heat exchanger which transfers its heat to another fluid used for thermal conversion to electricity, then through a circulating pump.  
It is essential that the fluid leaving the magnetic fusion reactor be at a high enough temperature that electricity can be produced from it using conventional thermal conversion equipment,  

As for the need to breed and collect tritium for injection into the plasma, either through neutral beams or via a system injecting cryogenically frozen tritium pellets, this breeding is accomplished either by using a liquid containing lithium as the circulating fluid or alternatively by using a solid containing lithium and mounting the solid assembly inside each fusion blanket duct where the circulating fluid can remove from it the considerable heat generated.  Regrettably, although the difference between these options is profound, there is no consensus on which option should be adopted.  

If the design option of a liquid containing lithium is chosen then the bred tritium will be removed from the circulating loop by a continuous extraction process at a location external to the fusion reactor.  Fresh lithium to replace the lithium consumed will be continuously added. The tritium inventory in the liquid will never be permitted to build up to a large size, thus eliminating any severe safety risk.  If maintenance is needed due to damage to the fusion blanket modules, the liquid can be entirely drained first.  It will never be necessary to open a fusion blanket module to remove and replace solid breeder material inside it.

If instead a solid material containing lithium were chosen for tritium breeding then it would be necessary to periodically shut down the fusion reactor to remove and replace the solid breeder material with fresh lithium-bearing material and to collect the large and potentially dangerous inventory of tritium bred during the prior fusion operating period.  The solid breeding material assemblies located inside the pressure-tight fusion blanket modules would need to themselves be covered by cladding material that would prevent tritium loss while the fusion blanket modules were open and the solid breeding material was being removed.   The removed modules would then need to be transported to a chemical reprocessing plant where they would be dissolved in order to release and collect their inventories of tritium,

Although the need to periodically replace solid breeder material is analogous to the need to periodically replace spent solid fuel in a fission reactor, their different geometries make the solid breeder fusion blanket requirements far more difficult to carry out.  In fission reactors a single pressure-tight upper lid structure can be unbolted, then removed vertically from the shut-down reactor using an overhead crane.  Then the overhead crane can lift and replace any or all of the fuel assemblies.  In contrast, in the toroidal magnetic fusion geometry, access to solid breeder assemblies located inside fusion blanket duct modules would be from inside the torus.   Separate pressure-tight covers would be needed for each fusion blanket module due to the toroidal curvature of the surface on which the modules would be mounted.  Special robotic devices would need to be designed and implemented that would have a deformable boom enter the torus through a port (after removing the port's normally attached external equipment), deform into position in the form of the fusion blanket module to be worked on, then use a hands-like remote manipulator to effect the changes needed.  Although some of these remote handling tasks have been done experimentally in the past and so are known to be possible, it would be safer and less expensive to avoid them if possible by adopting the liquid breeding option.  
Outside the toroidal vacuum vessel are the magnetic coil systems.  Both tokamaks and stellarators have toroidal field coil systems located in this zone whose windings have toroidal shell geometries in that they have electrical conductors that link through the central hole of the vacuum vessel.  Tokamaks also have poloidal field coils but they are circular, horizontal, and do not link the vacuum vessel so impose no geometric constraints.  Stellarateors are usually implemented to include such poloidal field coils but they may also contain inherently 3D coils such as helical windings that spiral around the vacuum vessel, linking through the vacuum vessel's central hole multiple times.  
An important practical issue related to the geometry of magnetic field coil windings is whether they are cryogenic superconducting coils or instead are room-temperature coils made with water-cooled conductors such as copper or aluminum.  Room temperature coil windings made with copper conductors can be and frequently are made in demountable pieces which can be unbolted and separated from each other.  This makes it feasible to thread a demountable winding through the central hole of the nested system of toroidal surfaces before reconnecting the separate pieces back together.  However, demountable superconducting coil windings have never been engineered and there are technical reasons to suspect that it may not be possible.  (Tiny relative motions of powered superconductors can cause a superconducting quench event. which is some cases may destroy the coil.)  Thus, if superconducting coils were used for a tokamak's toroidal field magnet system (as is planned for the ITER) then access to internal fusion blanket modules could only be from the inside, i.e., from the plasma volume. It should be understood that all access will require remote handling due to material activation by the 14.1 MeV fusion neutrons.  
Today's superconducting coils operate near 4 kelvins. Their purpose is to reduce energy losses by having zero electrical resistance but it also requires energy to operate the cryogenic refridgerator that keeps them cold.  Heat can need to be removed from a superconducting coil either because it leaked in due to inadequate thermal insulation or because it was deposited by radiation due to inadequate nuclear shielding. In either case, several hundred watts or refridgerator must be used for every watt of energy actually removed.  On the other hand, water-cooled coils can exhaust their heat into the air without any refrigerator cost so in locations where there is not enouh room for either effective radiation shielding or thermal insulation, it may better to use normal conductor coils than cryogenic superconducting coils.  
Some fusion research laboratories both in the US and in other countries, are investigating a magnetic confinement known as a Spherical Torus (ST).  The main attraction of the ST configuration is that its plasma pressure can stably be a much larger fraction of its magnetic pressure than can be a tokamak with a conventional aspect ratio.  This has the potential of boosting the fusion energy gain ratio Q, although whether that occurs is not yet known.
Actually an ST is a tokamak but it appears almost spherical due to plasma behavior with its low aspect ratio. Equivalently it has a very small central hole for its toroidal field system conductor. Its central hole is far too small for either cryogenic thermal insulation or radiation shielding with adjacent DT fusion occuring, so the typical ST designs use a water-cooled copper rod as the central toroidal field winding and water-cooled copper bars for the outer return leg conductors.  Most ST designs have demountable  connections between the central rod and the outer return legs.  One design even replaces the outer return legs with a large aluminum cylinder which it uses also as the plasma's vacuum vessel.  With such demountable toroidal field system concepts for the toroidal field magnet system and a cylindrical vacuum vessel it would become feasible to remove the central toroidal field system rod during maintenance operations and then remove the vacuum vessel's upper lid.  This ST configuration seems highly attractive for a fusion reactor since it would allow direct access with an external overhead crane to everything inside the vacuum vessel.  
CHAPTER 3: PROPOSED FISSION-FUSION HYBRID SYSTEM CONFIGURATION CONCEPT
The proposed FFHMSR design is illustrated in Figure 3. The use of a molten salt to carry fission fuel in liquid form allows the fuel to be circulated in a pumped flowing loop between: 

(1) a subcritical Fusion Blanket (FB) zone where it is irradiated by DT neutrons to convert fertile to fissile material, 

(2) a critical Molten Salt Reactor (MSR) zone where most fissions occur, 

(3) a heat exchanger where the heat released by nuclear reactions is removed.  This heat is transferred to a non-radioactive inert fluid used for thermal conversion and electricity production, and

(4) a circulating pump.  
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Figure 3  Fission-Fusion Hybrid Molten Salt Reactor (FFH-MSR)

FFH-MSR Configuration Description

As depicted in Figure 2, fertile and fissile isotopes are dissolved in a closed primary molten salt loop and flow through (1) a subcritical blanket region irradiated by 14.1 MeV neutrons from a DT (deuterium-tritium) fusion reactor source, (2) a separate critical-geometry fission core chamber with optional graphite moderator, (3) a heat exchanger transferring heat to a secondary molten salt loop which does not carry any dissolved fission fuel, and (4) a circulating pump.  

Figure 2 depicts a Spherical Torus (ST) device as its fusion reactor component.  An ST is a tokamak with low aspect ratio geometry, i.e., the central hole in its donut-shaped thermonuclear plasma is quite small.  This configuration may maximize fusion power in the most compact size and capital cost possible.  However, its small central hole imposes a recirculating power penalty since superconducting electromagnets are precluded by the lack of space for shielding.   

On the other hand, it is not essential that the ST concept be used for the fusion reactor component which could just as well be replaced by a more conventional higher aspect ratio tokamak, by a stellarator, or by an inertial confinement fusion device driven by lasers or charged particle beams. Regardless of the fusion scheme, the important feature for the present research is that fission fuels and products dissolved in a molten salt carrier can flow into and out of a blanket of tanks surrounding the fusion reaction zone and that the molten salt is irradiated there by an unmoderated hard spectrum of 14.1 MeV neutrons generated by DT fusion.  To balance fissile isotope production with consumption, the fertile isotopes 238U or 232Th must be present in greater concentration than the fissile isotopes.   The blanket tanks will remain deeply subcritical so little fissile fuel will fission there.  Fast fission will occur in the fusion blanket tanks, releasing fission daughter neutrons to be absorbed thus producing more fissile nuclei.  Heating of the molten salt in this blanket will be set mainly by the fusion power level, which may fluctuate over time if the fusion reactor device relies on a pulsed design.   

Molten salt exiting the blanket and flowing into the fission core zone may thus have a fluctuating temperature.  Most of the plant's thermal power will be generated by fission in this core zone which will have a critical geometry and which may have an optional graphite moderator to reduce its critical size, giving it a softer epithermal or thermal neutron energy spectrum.  Since molten salt density decreases with increasing temperature the quantity of fissile fuel present in the core zone also changes with temperature.  This causes fission power to naturally increase or decrease as needed to regulate core salt temperature at an approximately constant value which is maintained as the salt flows out of the core into the heat exchanger.  Thus, fusion and fission power levels are not instantaneously coupled as they would unavoidably be in an entirely subcritical FFH scheme; they can vary independently of each other over the short term.  The molten salt reactor portion of the plant compensates for time-varying fusion power production in addition to following any fluctuations in load demand.  Over longer time intervals the average fission and fusion power levels must be coordinated in order to maintain the inventory of fissile fuel bred from fertile fuel and maintain progress on the transmutation of fission wastes.  

In the interests of simplicity, the Figure 1 diagram omits showing a number of subsystems which should be included as part of the design.  Some of these are essential to the FFH-MSR concept while others are preferable for improved safety.  They are listed as follows:
(1) Tritium must be bred and recovered from neutrons reacting with lithium in order to fuel the DT fusion reactor.  Tritium breeding modules in the FFH-MSR may best be located in the softer spectrum fission core region instead of in the fusion blanket region. They may also be combined with reactivity control which sets fission core temperature or which enforces a reactor shutdown.  

(2) A gaseous pressurizer volume is needed to accommodate thermal expansion and contraction.   

(3) There must be means to add or remove molten salt and provisions for its external storage.

(4) There must be means to add more actinide fission fuel to the primary loop. 

(5) Special separation systems must remove selected fission products and other substances from the primary molten salt loop.  For different species, separations may function based on principles of sparging with gas bubbles, centrifugal separation by density, pressure changes, temperature changes, chemical reactions, electrochemical reactions, or by combinations of these.  

(6) Electrical heaters must be distributed around salt loops to recover from any freeze-up events.

(7) Salt freeze plugs should be included to melt if too hot or if power fails, draining primary loop molten salt under gravity into safe passively cooled dump tanks.  Auxiliary pumps later return the salt back into the primary loop after the emergency condition clears.

(8) Primary loop geometry should be configured so that if the primary pump or its power source fails, natural convection would be sufficient to carry fission afterheat to the heat exchanger without exceeding temperature limits of the molten salt containment boundaries.

(9) Since the molten salt reactor will operate at much higher temperature than light water reactors (LWRs), its thermal conversion system will employ helium turbines to implement an efficient closed Brayton cycle.  The secondary molten salt loop will transfer its heat into the helium through a conveniently located heat exchanger and the turbine exhaust waste heat will be rejected directly into the air through another heat exchanger.  

(10) At the high operating temperature of the molten salt, tritium diffuses through solid metallic heat exchangers.  To limit the tritium leakage rate into the environment, chemical separation systems will continuously scrub hydrogen isotopes from both salt loops and from the thermal conversion helium volume.  The recovered hydrogen will be cryogenically distilled to isolate its tritium which will then be burned in the DT fusion reactor. 

CHAPTER 4:  CHEMISTRY ISSUES
In the proposed scheme, a molten mixture containing actinides in liquid form circulates at a high rate in a loop connecting fusion and fission subsystems. The hybrid reactor system operates forever while maintaining criticality in its fission subsystem, never shutting down for refueling and never disposing of its melt.  Actinide fuel is continuously added to the melt but never removed since it completely fissions there. Lithium is added to the melt at the rate needed to keep its inventory constant since neutron reactions with the lithium are used to breed enough tritium to maintain the DT fusion subsystem. Engineered chemical extraction systems operate continually to selectively extract from the melt the bred tritium, the fission products and the non-actinide activation products.
Chemistry issues include 
· element extraction system designs (crucial but beyond the present work scope),  
· ensuring actinides in the melt stay well mixed and spatially uniform instead of precipitating out as solids or bubbling out as gases, and 
· ensuring that corrosion of solid container walls by the contained melt does not cause excessive maintenance costs for periodic wall replacement and recycling. 
Since the mission of the proposed hybrid system is to fission all actinides, thus extracting all of their available nuclear energy while eliminating them from the radioactive waste stream, it is useful to review actinide characteristics.  There are 15 actinide elements.  They are all metals chemically and in pure forms all have a shiny metallic appearance.  They have consecutive atomic numbers starting with 89 (Actinium) and ending with 103 (Lawrencium).  The reason they are considered a series is that they have similar chemical behaviors, because the extra electrons added for successive actinides fill successive positions in the 5f electron shell.  
All actinide isotopes are unstable to radioactive decay involving emission of alpha or beta particles, as also are all isotopes of the next five atomic numbers below the actinides. Their radioactive transitions form decay chains which only end when reaching a stable isotope of e.g, bismuth (83), lead (82), thallium (81) or mercury (80).  Instability and ease of fission of at least some isotopes increases with ascending atomic number and spontaneous fission also becomes common in the higher actinides.  
Fusion releases energy by combining light nuclei but this process stops with iron which is the most stable element.  It is believed that all elements with atomic numbers greater than 26 (iron), including all actinides, are created by the sudden crushing together of lighter nuclei that occurs when a large star reaches the end of its life and its central core gravitationally collapses into either a neutron star or a black hole. An impressive amount of energy is released in such events, exceeding by over two orders of magnitude all the fusion energy released within the star over its entire life which may encompass billions of years.  Each such gravitational collapse event is followed immediately by a supernova explosion spraying out the modified outer layers of the star which includes the heavier isotopes just created.  The different present abundances and half-lives of the two uranium isotopes found in nature can be used to calculate that they must have had identical abundances 5.94 billion years ago.  This is well before our solar system formed 4.5 billion years ago.  All other actinide nuclides except thorium-232 have much shorter half-lives so would be undetectable after decaying for 5.94 billion years.  This is consistent with the fact that of the actinides only thorium-232 and the two uranium isotopes survive naturally on Earth today.  
A Fission-Fusion Hybrid Molten Salt Reactor reactor will build up an inventory of various actinide isotopes in its melt.  Over time this inventory will stabilize to an unchanging static distribution in which the rate of destruction of each isotope by fission, transmutation, and radioactive decay is matched by the sum of the isotope's rate of external addition plus its rate of production by the transmutation or radioactive decay of other isotopes. Since the incoming fuel stream of actinides being added will be predominately uranium or alternatively, thorium, the internal inventory will be predominately of that element and isotopes that are nearby when measured in transmutation steps.  Therefore, it is important to consider the chemical properties of actinides up to curium and to a lesser extent the properties of berkelium and californium.  Chemical properties of even higher actinides are not very important here.
Table XX lists all the actinides with some of their relevant properties.  Actinides have the high elemental densities listed, thus their informal designation as "heavy metals".  Most actinides have relatively high elemental melting temperatures and a liquid mixture of them would need to avoid precipitation of any actinide solids.  However, there are no good options for solid wall material at the melting temperatures of elemental thorium, curium, americium, or even uranium.  Therefore, a liquid-fueled reactor system must chemically combine actinides with other elements to lower the melting point of the melted mixture to temperatures compatible with practical solid wall materials.  
Since the melted mixture within the hybrid reactor will be an intensely radioactive environment it is also necessary to avoid using complex chemicals with molecular structures such as hydrocarbons that could be damaged, perhaps leading to their decomposition. Ionic salt liquids have no complex structure to damage but ion complexes such as NO3- or SO4- do and thus should not be chosen for this application.  
Reacting actinides with oxygen does not lower the melting point.  It typically raises it substantially.  Indeed, ThO2 melts at 3390 °C,  UO2 at 2865 °C,  and PuO2 at 2865 °C.  

On the other hand, reacting with any of the four stable halogens, i.e., iodine, bromine, chlorine or fluorine results in pure halide salts with melting points typically lower than elemental actinides.  For examples, pure uranium tetraiodide melts at 506°C,  pure uranium tetrabromide at 494°C, pure uranium tetrachloride at 590°C, and pure uranium tetrafluoride at 960°C. As listed in the previous table all actinides are observed in oxidation state III, thorium through berkelium can also take on oxidation state IV, and uranium through plutonium can additionally assume oxidation state VI.  The melting and boiling points both decrease as the oxidation state increases, thus UF6 melts at its 64°C 
Table 1  Properties of Actinide Elements
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triple point and PuF6 at 52°C while at atmospheric pressure their boiling points arerespectively 56.5°C  and 62°C.  (Note that the VI oxidation state is technologically useful in uranium isotope enrichment and it was also used in the Molten Salt Reactor Experiment (MSRE) at ORNL to remove uranium by bubbling fluorine gas through the melt and capturing the uranium hexafluoride gas that emerged.   However, this process is not expected to be useful in the proposed FFHMSR whose actinides will all fission and never be removed.)   
The III oxidation state which is observed in all actinides displays different melting and boiling points for their pure salts than the respective temperatures for IV oxidation states.  For examples, PuI3, PuBr3, PuCl3 and PuF3 as pure salts melt respectively at 777°C, 681°C, 767°C, and 1425°C, while pure UI3 melts at 766°C, pure UCl3 at 837°C and pure UF3 at 1140°C.

In an ionic liquid containing cations with multiple ionization states such as actinides, and which has anions such as I, Br, Cl, or F,  it is not possible to limit the mixture to one oxidation state based on the oxidation state of the incoming stream of material added.  No anion atom in the ionic liquid mixture is bound to any particular cation atom but instead is free to change its associations with other cations and other oxidation states.  The overall distribution of oxidation states in the mixture, both within the oxidation states of a single element and also between different elements is determined by the redox potential of the mixture, together with temperature. The redox potential can be controlled by a feedback system adjusting the ratio of anion atoms to cation atoms.  Thus, bubbling additional fluorine gas (F2) through a molten mixture of actinide fluoride salts moves them on average to assume higher oxidation states while bubbling hydrogen gas (H2) through the mixture and collecting the emerging HF gas moves them on average to lower oxidation states.  Comparison of the redox potential with Standard Electrode Potentials as listed in the table predicts how oxidation state populations will be distributed.  For example, in a mixture of uranium and plutonium fluoride salts the redox potential is commonly adjusted so that uranium will be predominately in state IV while the plutonium will be predominately in state III. Control of the redox potential versus the standard electrode potentials of solid wall material elements is also an important issue because it controls the corrosion rate of the walls interacting with the molten salt mixture.  This was done in the MSRE with its high nickel alloy (Hastelloy-N)  that had been specially developed to attain a 30 year life in the corrosive environment of a molten salt reactor.  The result after 5 years of MSRE operation was negligible corrosion. (REFERENCE) The choice of redox potential is tied closely to the selection of wall material.  The alloy used for the MSRE contained certain metals that would have been quickly eroded if the fluorine content were raised so that PuF4 could have been more prevalent in solution than PuF3.  A similar corrosive fate would have resulted if the melt had above the 706°C operating limit that was enforced.  However, plutonium  was not the MSRE's mission since it instead focused on using ThF4 and UF4 with successively uranium's fissile 233 and 235 isotopes.  

It is worth noting that graphite is refractory and almost inert chemically so could conceivably replace metals as MSR walls.  This would benefit designs because PuF4 which is more soluble than PuF3 at identical temperatures could perhaps be used, the solubility both of other actinides and of fission products would be increased, the thermal conversion efficiency would increase at the higher temperatures, and other missions would become possible such as, e.g., the direct thermal conversion of water into hydrogen and oxygen gases.  The difficulties are that graphite is brittle and cannot be welded in the traditional manner of making large leak-tight vessels or pipes.  However, during the time since the late 1970s when MSR research in the United States was defunded, there has been much progress with using carbon-carbon composites in, e.g., military aircraft construction.  It seems likely that a funded research program to develop graphite walls for high temperature molten salts would succeed now.  
Some chemical properties of halogens are listed in Table 2.  Generally, bonds become weaker from F to I, but Electron Affinity instead has Cl stronger than F.

The chemistry issues discussed in this chapter have been well researched during the almost six decades since the first molten salt reactor, the Aircraft Reactor Experiment (ARE), was operated in 1954.  However, although schemes for removing some ingredients from the molten salt mix have been proposed and investigated through prellimary experiments, this area remains embryonic today for FFHMSR development.  Designing the chemical extraction systems for fission products and activation products appears to be the single area requiring the most remaining effort in developing the FFHMSR.  

Successful chemical extraction designs will divert a small part of the molten salt flow circulating between fission reactor and fusion blanket subsystems to flow more slowly through a parallel path leading first to extraction equipment, then returning the processed salt back to the main loop.  Each extraction system will remove a fraction of the molten salt's dissolved content of the particalar set of chemical elements that it is designed to remove.  To remove all fission products and activation products with their  diverse chemical behaviors, it will be necessary to have multiple extraction systems operating through different physical principles.  For the active removal of different elements, separations may function based on reactions with external chemicals, use electrically driven reactions such as electrolysis, use catalyzed reactions, or temperature changes followed by precipitation or distillation, pressure changes, or sparging with gas bubbles, centrifugal separation by density, or combinations of these.

Table 2  Halogen Chemical Properties Comparisons

	
	F
	Cl
	Br
	I

	Ionization Energy (kJ/mol)
	1680
	1256
	1142
	1008

	Electron Affinity (kJ/mol)
	-328.0
	-349.0
	-324.6
	-295.2

	Electronegativity
	4.0
	3.2
	3.0
	2.7

	Oxidation States
	-1 
	-1,+1,+3,+5,+7
	-1,+1,+3,+4,+5
	-1,+1,+5,+7


CHAPTER 6:  MOLTEN SALT SELECTION
It is necessary to choose the molten salt(s) as part of the FFHMSR configuration.  This section discusses factors beyond the chemistry issues previously discussed which lead to the choices made.
All fission reactor designs, including MSR designs, are predicated on the assumption that the spatial distribution of fissile material is known and is not changing rapidly in unknown ways.  For liquid fuel designs such as the MSR, the fixed spatial distribution of fissile material is assured by the following assumptions:

(1) A closed volume bounded by solid walls will contain the liquid fuel.

(2) Gravity will hold the fuel liquid in the bottom of its confined space, with a gas region accommodating liquid expansion or contraction remaining at the top.

(3) Fissile materials will remain in solution with spatially uniform concentrations.  

The first assumption is met by constraining wall design relative to the molten salt. The second assumption is true for stationary reactor applications on earth or on any planet with a solid surface.  Mobile vehicle MSR designs would require other features.
The third assumption constrains the choice of the molten salts.  Thus, an essential MSR design requirement is that the mixture must not split into two or more phases.  Dissolved fissile materials must not precipitate out as solids or evaporate as gases, and they must not separate into two coexisting liquid phases. 

The phase equilibria behavior of molten salt systems can be quite complicated.  A 
Chapter contributed by Milton Blander to a 1969 edited compendium on molten salt characterization and analysis describes a behavior that, it seems, would defeat the third assumption by allowing separation of a melt into two liquid phases, analogous to 

oil and water (Blander 1969, pp 28,37-40). Molten salt systems which include four different ion species are termed ternary because the physical requirement of electroneutrality constrains their possible concentration combinations, leaving only three degrees of freedom.  Ternary molten salt systems can be either reciprocal, meaning they have two ion species of one charge polarity and two of the opposite polarity, or additive, meaning that they have three ion species of one charge polarity and one of the other charge polarity.  Blander states that additive mixtures never separate into two immiscible liquid phases but that reciprocal mixtures commonly do.  He illustrates this with a phase equilibrium plot for a mixture of LiCl with KF, showing regions in the phase space of temperature and concentrations for which two liquid phases coexist.  He also mentions experiments by others described in prior publications which used reciprocal mixtures of KNO3 with either AgCl or AgBr to move dissolved thallium from one immiscible liquid phase to the other, and he hints at the interesting concept that such phenomena might facilitate the practical extraction of fission products from an MSR.   He goes on to discuss theoretical models to predict the consolute line, a temperature locus function of concentrations above which the two liquids would merge into one.  However, for MSR design the important message is that such separation into multiple liquid phases never occurs if one polarity of ions in the mixture has only one species.   
If the liquid in a molten salt reactor were to separate into two immiscible liquid phases their weight densities would likely be different, driving them to more completely separate.  It also seems plausible that actinides in the mix might join the two liquid phases in differing concentrations.  If so then the reactor's criticality would change in unpredictable ways, an unsafe situation that must be avoided. Since the proposed FFHMSR melt needs to include multiple metals, i.e., lithium and several actinide species, the use of multiple halides might allow liquid phase separations.  A simple way to avoid it is to not use multiple halides in any single molten salt volume.  

Published MSR design concepts have employed multiple salt mixtures kept separated from each other by solid barriers.  With such a scheme it would be safe to use different halides in the different molten salt volumes.  A common feature in proposed MSR fission breeder designs surrounds a central salt mixture carrying dissolved fissile material with a second salt mix containing dissolved fertile material. This arrangement makes better use of neutron leakage from the centtral reactor than does a single fluid system.  It is similar to the approach taken in liquid metal cooled fast breeder reactor (LMFBR) designs in which a central set of fuel rods contains the fissile plutonium while an outer set of fuel rods contains the fertile uranium-238 isotope.  A negative aspect of such two-fluid MSR designs is that the fissile material produced in the outer zone must be chemically separated from the remaining fertile material there and moved to the inner zone.  This actinide separation step adds some expense and more importantly causes concerns about fissile material diversion while between the zones.  A single-loop design would avoid this, so is preferred for the FFHMSR.   
Since there are only four halides with stable isotopes i.e., fluorine, chlorine, bromine and iodine, this limitation of choosing only one simplifies the FFHMSR design choices.  In the FFHMSR it will be necessary to breed tritium for use in the DT fusion subsystem, and that tritium breeding in turn requires that lithium must be used in the melted mixture.  Lithium has only one oxidation state, +1, and it forms salts with all four halogens.  Their melting and atmospheric pressure boiling point temperatures are as listed in Table 3.
Combining different molten salts results in a mixture whose melting point is different from any of its pure constituents' melting points. The mixture's melting point is usually lower, but how much lower depends on the mixture proportions for each ingredient.  Phase diagrams are graphs which show this melting point dependence on mixture composition.  The particular composition with the lowest melting point is the eutectic point. Published phase diagrams have been collected by the National Bureau of Standards with The American Ceramic Society, Inc. since the 1960s and more recently have been put into an online data base.  Review of the full set of phase diagrams shows that although all four candidate halogens have many diagrams in the data base, there were no published phase diagrams involving either iodides or bromides of either uranium or any other actinide series elements.  Published phase diagrams are included for chlorides and fluorides of the following actinides: thorium, uranium, and plutonium.  The absence of phase equilibria data for mixtures involving uranium iodide or uranium bromide may signal a past lack of interest in applying either iodides or bromides in Molten Salt Reactor applications.  

Table 3  Pure Lithium Halide Melting and Boiling Point Temperatures
	
	LiF
	LiCl
	LiBr
	LiI

	Melting Point (°C)
	848
	610
	552
	560

	Boiling Point  (°C)
	1676
	1360
	1265
	1171


Some of the phase diagrams relevant to this FFHMSR that are in the data base are discussed next.  Figure XX includes phase diagrams for additive binary mixtures of fluorides or chlorides of lithium combined with either uranium or plutonium.  The upper curve in each diagram shows the temperature above which ingredients are molten, since some would precipitate out as solids if the mixture temperature were below the upper curve.  All six diagrams are similar in that they all show vee-shaped eutectic points at actinide-halide mole fractions ranging between 20% and 30% (with the balances being lithium-halide).  The plot for LiCl-UCl4 shows a second eutectic point at the same temperature but where the mix is about 48% UCl4.  
Higher actinide mole fractions could of course be used if the mixture temperature we kept higher than the upper curve.  However, if there were an unexpected freeze-up event, the actinide-halide would preferentially precipitate out as a solid leaving the lithium-halide as liquid and thus spatially concentrating the actinide in certain parts of the reactor volume.  It seems better to operate closer to a eutectic point where, if a freeze-up were to occur, all the salt ingredients would precipitate out together.  
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Figure 4  Additive Binary Mixtures Phase Equilibria

Additive binary mixtures of Li and either U or Pu combined with either F or Cl.
One can also observe from the plots that the eutectic point temperatures for chlorides are lower than the eutectic point temperatures for fluorides.  This is important because the Hastelloy-N high nickel alloy developed specially for the MSRE is only rated for long-term operation at temperatures up to 706°C.  The lower melting points of chloride mixtures would provide a larger operating temperature range than a fluoride salt mix.
In addition to melting point lowering, another purpose of the halide is to chemically confine fission products and activated isotopes in the molten salt.  Fluorine forms the strongest and most stable chemical bonds but chlorine is a close second.  Bromine bonds are weaker and iodine's bonds are weakest among halogens,  This argues against using bromine or iodine.  Indeed, references state that molten iodide salts will not stay together at molten salt temperatures unless an iodine gas space above the melt is kept at an elevated pressure, since at atmospheric pressure the iodide salts decompose.  No MSR publication references were found suggesting the use of iodine as the halide to use in molten salt reactors.  An excerpt including iodine from the Chart of Nuclides appears in Figure XX; it shows that iodine includes one long-lived radioactive isotope which might perhaps be produced by transmutation if iodine were chosen.
There is also the fact that iodine isotopes are copiously produced as fission products.  If natural iodine were used for carrier salt halides it would not be feasible to chemically separate it from these iodine fission products.  (It is not clear whether this fission product argument is decisive but in this study it was considered a disincentive for iodine.)  For all these reasons iodine was removed from consideration.
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Figure 5  Iodine Isotopes in Chart of Nuclides
Except for one paper summarizing a molten salt reactor meeting in the 1950s (reference) there have been no other references found suggesting the use of bromine as the halogen in a MSR.  That one paper stated that its use was considered but rejected because bromine has a higher thermal neutron absorption cross section than other options. Bromine is itself a low yield fission product, but the arrangement of stable vs unstable isotopes for bromine and its neighbors on the chart of nuclides, as shown in Figure XX, indicates this would be unlikely to cause problems with long-term induced radioactivity. No technical literature could be found on molten bromide salts of actinides, and that was also a factor in rejecting bromine for the present study.  On the other hand, for Fast Spectrum Molten Salt Reactor designs not including any fusion subsystem, the use of bromides may very well confer the advantages of a harder neutron spectrum without long-term radioactivity induced in the halide itself.
[image: image24.emf]
Figure 6  Bromine Isotopes in Chart of Nuclides
The possible advantages of using chlorides instead of fluorides in a Fast Spectrum MSR are twofold. First, chlorine has a higher mass than fluorine so it would be more effective in avoiding the moderation of neutrons and it would make possible a faster spectrum MSR to use in pure fission fast breeding applications.  Second, chloride salts have lower melting temperatures than fluoride salts so there are more options for solid metal container materials that could be used, and additionally the solubilities of other materials such as fission poducts dissolved in the molten salts are greater for chlorides than for fluorides at the same temperatures.  Much published work has proposed and analyzed chloride-based Fast-Spectrum MSRs carrying a high enough concentration of dissolved plutonium and uranium-238 to function as a stand-alone fast breeder reactor which would not require solid fuel reprocessing [Taube and Ligou 1974], [Ottewitte1982],   .
Chlorine may have a chemical advantage in that it accepts several possible valence states, not just the single -1 state that is the only possibility for fluorine. An example of this different chemical behavior is that a chlorine atom can bond with four oxygen atoms to make a perchlorate anion complex used, e.g., in solid rocket fuel, but analogous perfluorates don't exist. Therefore chlorine has more chemical possibilities than fluorine and may permit a larger set of chemical engineering processes useful for a MSR.    

However, there are radiological issues that are also relevant in the choice of a halide.  Natural chlorine occurs divided 76%/24% between stable chlorine-35 and stable chlorine-37, but a negative aspect of choosing chloride salts for use in a MSR is that between them is radioactive chlorine-36 with its half-life of 301,000 years. This is shown in Figure 7 which is an excerpt from the Chart of Nuclides that includes chlorine and its neighbors
A MSR using natural chlorine would create chlorine-36 at a high rate through radiative capture in chlorine-35 until reaching an equilibrium situation in which much of its entire chlorine inventory would have become chlorine-36.  One could simply accept production of this long-lived radioactive chlorine, reuse it and hope to contain it somehow for a very long time.  A more reasonable approach would be to separate the two natural isotopes 
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Figure 7  Chlorine Isotopes in Chart of Nuclides

and only use chlorine-37 in the MSR.  Computer simulations show that this would work well in MSRs using neutron energy distributions up to the fission spectrum, thus avoiding most chlorine-36 production.  However, SCALE runs made as part of the present work show that when chlorine-37 is irradiated by 14 MeV neutrons resulting from DT fusion it copiously produces chlorine-36 nuclides from (n,2n) reactions.  Thus in the proposed single-loop FFHMSR, if chlorides were used it would be impossible to avoid copious production of chlorine-36.  
The situation regarding induced radioactivity is much better in fluorine.  Fluorine has only one stable isotope, fluorine-19.  Its nearest neighbors on the chart of nuclides as shown in Figures 8 and 9  are either stable or have short half-lives ranging from a few seconds to a few hours.  Indeed, the closest long-lived radioactive isotope, carbon-14 with its 5715 year half-life, is 5 transmutation steps away, requiring the loss of 3 protons and 2 neutrons.
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Figure 8  Fluorine and higher Isotopes in Chart of Nuclides
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Figure 9  Fluorine and lower Isotopes in Chart of Nuclides
Fluorine also has other advantages over chlorine for the present application.  Several actinide elements take on valence states of +3, +4, and +6, so for instance uranium forms the salts UF3, UF4, and UF6.  These can stably coexist in proportions determined by the concentration of fluorine, temperature and pressure.  On the other hand, UCl3, UCl4, and UCl6 do not stay in stable equiibrium, as UCl3 may disproportionate into separate metallic uranium and UCl4, and UCl6 differentiates into UCl4 plus Cl2 gas.
For these reasons but especially because the 14.1 MeV DT neutrons of a FFHMSR would produce chlorine-36 excessively, use of chlorine for the halide salts was rejected.
That leaves only the fluorides.  

Choosing fluoride salts for use leaves a concern that it may not be possible to melt them within the temperature limitations of available corrosion-resistant container materials.   This concern would vanish if graphite could be used for wall materials since it would likely allow the molten salt to operate up to 1000°C or more.  However, the use of graphite is not assured so a different approach is taken.  

The three major components in the fluoride mix defined above are LiF-PuF3-UF4.  The composition of any mixture with three components is stated as three mol% values, and clearly these must sum to one.  The phase equilibria diagram for such a ternary mixtures is presented by a contour plot of the liquidus temperature drawn on an equilateral triangle in which each internal point's fractional distance from each vertex represents the mol% value for one component.  Since the liquidus surfaces frequently have sharp bottoms for ravine-like sloped valleys, these are typically drawn as curved lines in addition to the contours, with the contours sometimes omitted.  It would be appropriate for the present FFHMSR study to consult such a ternary phase equilibria diagram for the LiF-PuF3-UF4 system, but unfortunately the data base of published equilibria does not contain this diagram.  Binary diagram graphs showing the liquidus temperature must match the ternary diagram's liquidus on its corresponding edges, but the data base does not have any binary diagram for the PuF3-UF4 system, perhaps because it would require high temperatures to measure.  
The LiF-UF4 binary diagram shows a sharp eutectic point temperature of 490°C, where the three mol% components are LiF-UF4  =(73, 0, 27) mol%  On the full  ternary diagram this binary eutectic point becomes the outer edge of a vee-bottomed ravine which enters the interior of the triangle heading downhill as such valley features always do in phase equilibria.  A second ravine starts from the 743°C LiF-PuF3 binary eutectic point at  LiF-PuF3-UF4  = (80, 0, 20) mol%.  It also heads downwards as it goes into the interior.  A third ravine starts at the eutectic point of the PuF3-UF4, but this binary diagram does not exist in the data base.   Nevertheless the behavior of ternary phase equilibria diagrams is such that all three ravines proceed downhill to lower temperatures until they meet at the bottom at a eutectic point of the ternary system.  The eutectic mixture for this ternary system is thus less than 490 degrees, which may be enough less than 706 °C to implement the FFHMSR.  On the other hand, the eutectic point may be just inside the triangle at a very low plutonium concentration.  It may be necessary to operate at a point farther inside the triangle in order to have enough plutonium in solution so that the MSR can be critical.  Without more phase equilibria information it is not possible to know whether this is the case.  However, two things can be done to try to avoid trouble with this issue.  One is to try to operate the MSR as a slow spectrum thermal reactor so that high concentrations of plutonium might be avoided.  The second is to add another metal fluoride material in order to further depress the mixture's melting point temperature.

Mixing the lithium-fluoride with a different fluoride in the proper portions can further lower the resulting mixture's melting temperature.  Sodium fluoride, NaF, was chosen for addition, although other fluoride salts could have alternatively been chosen.  For instance, if BeF2 had been chosen instead, the resulting mixture would have been FLiBe, a mixture for which there is much experience, FLiBe was not chosen because the beryllium component is a good neutron moderator and the FFHMSR concept needs to avoid slowing neutrons in the Fusion Blanket zone to the extent possible.  There is experience in using pure liquid metal sodium in fast breeder reactor designs and sodium is known to not slow neutrons excessively.  Also, a look at the Chart of Nuclides shows that there are no isotopes with very long term radioactivity in the vicinity of natural sodium-23.  

With the sodium ion species added to an additive molten salt system the resulting mixture's phase behavior becomes even more complicated.  Unfortunately there is no higher dimension phase diagram among the published data that fully explores this mixture system, whose major components are the four-component system,  
LiF-NaF-PuF3-UF4, and which would also contain minor components consisting of actinide-fluorides higher than plutonium, and finally also would contain dissolved fission products.  
A complete graph of this system's liquidus would be a regular tetrahedron with 3D surfaces nested inside it as liquidus isotherms.  The four faces of the tetrahedron would correspond to four ternary phase diagrams each of which describes the phase equilibria in the 3 component system resulting from removing one component.  The six edges of the tetrahedron correspond to the six binary phase diagrams that can be made from the four mixture components.  
The following figure, Figure YY, collects the other phase diagrams in the data base that are relevant to this 4-component system.  
After reviewing relevant phase diagrams and extracting numerical values by measuring the plots, it was decided that the mole fractions will be controlled as follows;
     LiF will have a mole fraction of 44.48%.

     NaF will have a mole fraction of  24.12%.

     AcFx will have a mole fraction of 31.40%.

The number of fluorines per actinide atom will be based on a lookup table for the elements.
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Figure 10  Binary Phase Diagrams:  Fluorides of Li,Na,U, and Pu.
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Figure 11  Ternary Phase Diagram of LiF-NaF-UF4
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Figure 12  Ternary Phase Diagram of LiF-NaF-PuF3
Selection of fluoride salts seems to give the best possible outcome.  There is a large experience base for working with fluorides.  The chemical stability of fluorine compounds with actinides has been used since the 1940s for chemical processing of uranium and sometimes of plutonium.  The triple point of UF6, near but slightly elevated above room temperature and atmospheric pressure, was convenient for the use of UF6 to carry uranium in the past for gaseous diffusion enrichment and in today's enrichment centrifuges.  Fluorine is also used in most schemes for fuel reprocessing.
The redox potential is a measure of the concentration of free fluorine in a fluoride-based molten salt, and it determines how concentrations split between the three molten salts of an actinide.   Control of the redox potential is accomplished by bubbling fluorine or hydrogen gas through the molten salt.  Fluorine gas addition increases the average number of fluorine atoms per actinide atom, thus increasing the concentration of UF4 at the expense of UF3, and increasing the concentration of UF6 while decreasing UF4.  Hydrogen gas addition reduces the average number of fluorine atoms per actinide atom as it results in formation of HF gas which bubbles out of the molten salt, is collected and removed.  
For molten salt reactors using fluorides, the fluoride chemistry in the past allowed the volatility process to remove actinides from the molten salts.  Fluorine gas was bubbled through the molten salt containing UF4.  The extra fluorine was absorbed by some of the UF4, converting it to UF6 which is a gas at molten salt temperatures and which therefore bubbled out of solution and was captured.  
CHAPTER 6:  MOLTEN SALT REACTOR NEUTRON ENERGY SPECTRUM CHOICE
Preliminary SCALE computer runs in this study examined possibilities for producing in the MSR subsystem a fast neutron spectrum, in order to obtain even more of the benefits of fast neutrons than could be obtained from the DT fusion subsystem alone.  These runs did not do a time-dependent simulation but they instead examined reaction activity rates as a result of different assumed conditions.  

The findings that more fissile material inventory would be needed in the MSR as its  moderator was reduced and the fissile inventory was becoming quite large with the moderator removed were not surprising.  However, an unanticipated behavior was discovered with those runs.  If the neutron energy spectrum of the MSR subsystem was hardened while keff=1 criticality was maintained by adjusting the fissile plutonium concentration, that would cause the Fusion Blanket (FB) to also increase its fissioning of fissile plutonium without significantly increasing its production of plutonium from uranium.  The result was that hardening the MSR spectrum reduced the net output of fissile atoms that the FB would export to the MSR.  Removing moderator, it was not difficult to reach a point where the FB's net export rate of fissile atoms had dropped to zero.  With the net fissile atom export rate from the FB to the MSR being zero, and with the MSR power on average being proportional to that net export rate, it logically follows that the MSR's output power would have gone to zero.  However, the fusion blanket power did not increase much.  

Thus, what was learned was that the optimum neutron spectrum for the MSR working in this single-loop configuration in tandem with a DT fusion neutron source is not a fast spectrum.  The study has since set all simulations to assume the MSR has a more than typical amount of graphite serving as its moderator.  The results have been very low fissile inventory and a very high ratio of fission power to fusion power.

CHAPTER 7:  FUSION BLANKET THICKNESS
A sequence of SCALE runs modeling the fusion blanket being irradiated by 14.1 MeV neutrons was made using the XSDRNPM code. The model used the 238-group ENDF/B-VII Release 0 library with the 14.1 MeV fusion neutron source modeled as filling group number 4 which runs from 13.84 MeV to 14.55 MeV, and being a volumetric source.
The thickness goal was that the fraction of neutrons leaking out from the blanket side away from the fusion neutron source would between 0.5% and 1,0% of the total of (1) the fusion source neutrons plus (2) the net additional neutrons produced within the blanket or by n2n reactions or fission.   The purpose was to identify the infinite thickness equivalent of the fusion blanket, i.e., an actual finite thickness which has essentially the same performance as if the thickness were very much larger.  
This was done first for the initial concentrations of molten salt ingredients, and several runs using different blanket thickness values were required to learn that an 80 cm thickness yielded a neutron leakage in the required range.  After simulating the evolution of fusion blanket concentrations until reaching an essentially steady state set of concentrations the final concentrations were used in a repeat calculation of neutron leakage.  The final concentrations had new actinide species substituted for some of the original uranium and it contained some fission product inventory which had not yet been removed, but most of the concentrations had not changed substantially since the start,  The same calculations were then done with the final concentrations and it was found that an 80 cm thickness again yielded leakage in the 0.5% to 1.0% range.  
Using this molten salt recipe, a FFHMSR might have a blanket thickness less that 80 cm as a result of trading off thickness cost for blanket leakage, but it would never be thicker.
CHAPTER 8: Simulation of FFHMSR Operation

Simulation Methods and Features

The Problem

The present study is looking for steady operating regimes for producing fission-fusion power in the FFHMSR, in which:

1.
its inventory of isotopes remains constant, 

2.
fission products and transmutation products are removed from its inventory at constant rates, 

3.
actinides are continuously added to the inventory but are never removed, 

4.
DT fusion power remains at a constant level,

5.
tritium breeding matches its consumption rate for DT fusion, and
6.
the MSR remains critical with keff=1 and constant fission power.

The approach used in this study is to find such a constrained steady operating regime through dynamic simulation.  Instead of directly searching for steady solutions meeting these conditions, the approach taken here is to simulate the time-varying system with  constraints enforced and then focus on the simulation's predicted results if and when its simulated quantities ever stop changing.

As provided within SCALE, ORIGEN is not perfectly suited to modeling the constraints investigated here.  Examining them individually in their listed sequence the following observations can be made.

First, ORIGEN cannot model a constrained isotope inventory directly, but it does calculate the predicted evolution of the isotope inventory.  By waiting until ORIGEN's simulated isotope inventory stops changing the enforcement could be achieved in practice.  

Second, ORIGEN has a feature simulating removal of user-specified elements at user-specified rates proportional to element presence in the inventory, so if and when the isotope inventory stops changing these would become the constant removal rates.  

Third, ORIGEN does have a feature allowing for the constant addition of user-specified isotopes at user-specified rates. 

Fourth, the COUPLE code which must be used with ORIGEN accepts the specification of an external neutron source, and it is straight-forward to specify it to have the DT fusion neutron energy spectrum.  However, a difficulty arising here is that the neutron flux must also be specified to COUPLE/ORIGEN for the fusion blanket region as a spatial average, and the relationship between the specified external neutron source flux and that spatial average will not be a constant proportionality factor.  Instead it will vary over time depending on the spatial attenuation of source neutrons within the fusion blanket by the evolving isotope inventory dissolved in the molten salt there.  Therefore, it is necessary to appropriately adjust the spatial average flux for the fusion blanket region as the simulation evolves its isotope inventory.  

Fifth, ORIGEN provisions for setting initial isotope inventories, for setting isotope addition rates, and for setting proportional removal rates, can be used to set up conditions that will result in constant simulated inventories of tritium, of lithium-6 and of lithium-7 isotopes if and when the simulated isotope inventory stabilizes.  The constant final tritium production rate can be evaluated for that constant endpoint condition and compared with the rate of tritium consumption implied by the neutron flux specified for the DT fusion source.  Multiple simulations using numerically different values for lithium and tritium proportional removal rates will result in multiple different tritium production rates, and the particular values that result in a required tritium breeding ratio can be found.  

It can be expected that the task of determining conditions for a required tritium breeding ratio will be comparatively simple if the DT fusion power is a small fraction of total plant power, but may become difficult or even impossible if the DT fusion power is a larger fraction of total plant power and the tritium breeding task consumes a larger fraction of available neutrons.  

The sixth aspect is very problematic since ORIGEN has no internal features implemented that relate to keff=1 criticality.  Nothing within ORIGEN internally could be applied to the MSR subsystem to enforce its keff=1 operating requirement.  

In the real FFHMSR system, keff=1 criticality could be maintained over the long term by adjusting the MSR's fission power level.  If keff were dropping over time due to the MSR consuming fissile nuclides faster than they were being supplied by the fusion blanket, then the MSR's fission power level would be reduced in order to reduce the consumption rate of fissile atoms.  If keff were increasing due to the MSR not consuming fissile atoms as fast as they were being supplied, it could increase its power level to similarly correct.  However, either ORIGEN's power level or its neutron flux must be specified in advance and there is no way to modify it once an ORIGEN run has started.  

Beyond these issues there is another mismatch between ORIGEN and the technical needs for the present simulation.  It appears to be every bit as severe a mismatch as the absence of criticality features in constraint (6).  It is that ORIGEN as implemented in SCALE only simulates the evolution of the isotope inventory within a single spatial zone having a single neutron flux spectrum. ORIGEN cannot model a single inventory circulating through two spatial zones with different neutron flux spectra and changing power levels.

Constraints on Software Methods

After considering making extensive Fortran changes to SCALE modules in order to implement the capabilities needed for the present FFHMSR simulation, the decision was made to pursue a different approach.  SCALE modules have been extensively tested, and any modificaton to them would carry the possibility of unintended side effects.  Even if they did not occur there would be the problem of proving they had not occurred.  The constraint was therefore adopted to not change SCALE in any way. 

It was decided to instead make changes in what SCALE effectively does via batch scripts containing conditional loops that repetitively invoke SCALE.  Since the computer being used for the simulation has a Windows operating system, the batch scripts were implemented in Windows Command Language.  The batch scripts invoke Fortran codes written as part of this simulation that would read parameter files, read output files written earlier by SCALE during previous batch script loop invocations, extract particular data from the SCALE output files such as keff values, calculate other data based on what had been read, then automatically write output FIDO files to be used as input in subsequent SCALE invocations.  

It was also decided that since the simulation would be implemented by using a batch script loop on the highest level, generating new files on every execution of its loop, that to the extent possible the ability would be retained for a user to pause the loop, to examine the most recent output data and possibly to adjust simulation input parameters going forward by modifying input parameter files.  It was also decided to not provide any special operator interface to run the simulation beyond those already in the Windows environment.  

It should be mentioned that setting up a simulation to work through multiple cycles of a batch script is different from the normal simulation practice in Fortran or any other language, in that there is no single program.  There is no program that continues to execute throughout the entire simulation.  Instead, all intermediate simulation results must be written into temporary files which are later read by another program invocation and even later overwritten or deleted.  No record of the simulation history is created unless explicitly implemented by batch script commands, e.g., by concatenating files or by appending new output to a file.

Fundamental Feature Adopted:  Time Distortion

By simulating in batch script loops, the entire FFHMSR simulation is accomplished as a sequence of consecutive ORIGEN runs interleaved between other SCALE runs and Fortran program executions.  However, it was decided to treat simulated time in an unconventional fashion by not requiring it to have a fixed correspondence to real time.  The looser correspondence here between simulated and real times is simply that, when averaged over the entire FFHMSR molten salt volume the cumulative fluences of the real and simulated fusion blankets or of the real and simulated MSR's should be approximately the same at all times.   But allowing the real and simulated fluences to deviate some from each other allows the use of the ORIGEN code in its present form without modification.

Each ORIGEN execution in the sequence of ORIGEN runs is a fixed interval of simulated time as defined by the FIDO input to ORIGEN.  However, it simulates either the Fusion Blanket subsystem or the Molten Salt Reactor subsystem, not both operating simultaneously as would happen in reality. The reason to do this is that it leaves ORIGEN only doing a task that is within the limits of what it was designed to do, i.e., it never has to deal with simultaneous operation of two different irradiation zones with different spectra and flux levels which share a common inventory of isotopes kept well-mixed together.  

Outside of ORIGEN a power level adjustment is made, adjusting for both the fact that each irradiation zone is only a fraction of the total molten salt volume and the fact that the simulated irradiation switches over simulated time between a full value and zero while the real irradiation remains constant.  The power level in the FIDO input for the ORIGEN run is the true power level times a fraction.  For the fusion blanket that fraction is the FB volume divided by the entire melt's volume, and for the MSR that fraction is the MSR's molten salt volume divided by the entire melt's volume.  Here, the entire melt's volume includes the volume of the FB, the volume of the MSR salt, and the volume of remaining salt in the melt that is located in pipes moving between the two.  By making this adjustment the total real irradiation applied to either the FB or the MSR is matched by the ORIGEN-simulated irradiation applied to the entire melt.
Fundamental Feature Adopted:  Feedback Control By Switching

It was decided to use an unconventional approach to sequencing ORIGEN runs simulating the FB versus ORIGEN runs simulating the MSR.  Prior to carrying out any ORIGEN run it is always necessary to create a problem-dependent cross-section library, then collapse its cross sections to a single group and provide that collapsed library for ORIGEN to use.  In the simulation batch script loop other SCALE invocations generate an appropriate library for ORIGEN simulations of the MSR, but then also use them to calculate the keff value for a particular configuration of the MSR, using the evolving isotope concentrations that prevail then in the melt.  This keff value is extracted from the SCALE output file, then compared with 1.00000 within the batch script.  If keff is greater than 1 then the batch script invokes an ORIGEN execution using the libraries appropriate for the MSR.  If not, the batch script invokes a different SCALE sequence which generates library files for ORIGEN to use in simulating the FB,  then the Fusion Blanket simulation follows in an ORIGEN invocation.  

This keff feedback scheme is predicated on the assumption that running the FB without the MSR will produce more fissile material and thus raise keff, while running the MSR without the FB will consume more fissile material and thus lower keff.  If the assumption holds true then the natural action of this feedback scheme will cause the simulation to oscillate between FB and MSR cycles and will automatically change the ratio of FB to MSR cycles to adjust their average power ratio in such a way that the condition keff=1 is maintained on an average basis.   Maintaining keff=1 in successive ORIGEN runs is precisely the condition that needed to be implemented for the FFHMSR simulation and this feedback controlled switching scheme achieves it without requiring changes to the SCALE software.  With this scheme in place the calculated keff values oscillate above and below 1, but their maximum deviations from keff=1 can be affected by adjusting the incremental period of time that FIDO input instructs the ORIGEN code to simulate in each of its consecutive runs.  If the ORIGEN simulation periods are set to 10 days each, the size of the maximum deviation from keff=1 in the oscillation, i.e., the oscillation's amplitude,  is 100 times smaller than it is when the ORIGEN simulation periods are set for 1000 days each.   On the other hand, the computer time required to simulate several centuries of FFHMSR operation is much less if the ORIGEN simulation periods are set for 1000 days each than when they are set to 10 days each.
Figure 13 plots a history of cycle times in a simulation run. The user intervened twice to adjust the cycle duration, first from 1000 days to 100 days, then later to 10 days.

Other aspects of simulation

Although the SCALE manual refers to its changing calculated amounts of different isotopes as "concentrations", they actually are not.  They are amounts.  The evolution of all nuclide amounts are calculated internally in ORIGEN in gram-atoms, which are the number of atoms of each species in an inventory normalized to Avogadro's number.  Since ORIGEN has access to files listing decay rates and branching fractions of every isotope and isomer, it does not need isotope concentrations to predict an inventory's evolution during a time period without irradiation.  But ORIGEN input must also include problem dependent collapsed one-group cross sections along with a specified time sequence of spatially averaged one-group neutron flux values.  There is an option to specify fission power values but if that is done ORIGEN simply back-calculates the corresponding neutron flux values to use.  Either way, ORIGEN simply modifies its matrix of decay transition rates to also include neutron irradiation effects on the inventory's evolution.  No additional isotope concentration information is needed for these ORIGEN calculations, nor is it present.  Indeed, ORIGEN does not even have any internal volume value from which to calculate concentrations unless a particular user option is selected to request output edits of concentration data in, e.g., ppm units, in which case the volume parameter must be supplied by the user as input data.  
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Figure 13  A Simulated History of Molten Salt Reactor Criticality
On the other hand, in a simulated molten salt reactor operating forever the volume of the molten salt may change over time as fission occurs or as material is added or removed from its melted inventory.  Although ORIGEN does not include this, the capability of automatically calculating the total volume of the melted inventory of the FFHMSR  from the gram-atom amounts present and tracked by ORIGEN is useful for the overall simulation.  The ORIGEN code needs to be given problem-dependent collapsed cross sections calculated externally and since calculation of those cross sections requires making neutronics runs for the configurations of the MSR and the FB, each of which requires true concentrations of all isotopes, there is an immediate use for this total volume result, to obtain concentrations in atoms/bn-cm for each isotope in the melt.  

The total volume calculation is one of the calculations implemented within Concentration4.f95, one of Fortran programs coded for this application and invoked from within the batch script, FFHMSRsim4.bat.  This script is a simple outer loop with a counter and it repeats the loop until a maximum loop count is reached or an error in one of its invoked programs is detected.  The maximum loop count is set by the user by editing the batch script using a text editor such as Notepad, then the batch script is invoked from the Windows Command Line. 

ORIGEN input files instruct it to output its calculated final melt inventory of isotope amounts to a text file it writes in an associated working directory.  Concentrations4.f95 reads that text file along with a second text file , Z_Charge_Volume.txt containing a list of molar volumes and oxidation number charge states to use for each element in the molten salt, and a third text file, sim_parms.txt containing several simulation parameters set by the user.  It also inputs a fourth text file, name_zaid.txt, which provides a look-up table translating between the different required ways of specifying particular isotopes in different SCALE codes and only listing those isotopes actually recognized by MIPlib, a set different from those recognized by ORIGEN.

Concentrations4 first modifies the gram-atom (gat) amounts for lithium-6, lithium-7, and sodium-23 by returning them to the values determined from user-set parameters in the sim_parms.txt file, which were chosen to maintain an initial eutectic mixture composition. It next sums the amounts present for all actinides and adds any additional uranium-238 required to return total actinide content to a value also determined by user-set parameters stored in the sim_parms.txt file which were motivated by the initial eutectic mixture composition.  The code then calculates the products of oxidation charge state times amount and sums over all isotopes in the melt excepting fluorine, and finally modifies the amount of fluorine present so that the resulting total including fluorine will be zero.   

The simulation also maintains two input files to choose between for running ORIGEN, couple_origen_fb.txt and couple_origen_msr.txt.  The reason for having two is so that the user can have different parameter if that is wanted for FB simulating cycles than for MSR simulating cycles, a situation that e.g., might be chosen for isotope addition rates if their consumption rates are very different in the two subsystems.  Usually the user would change their parameter together, as in setting the time duration of each ORIGEN time increment to 10 days or 100 days or 1000 days.   The Concentrations4.f95 Fortran code reads in these input files and modifies them to update their listing of all isotopes in the melt inventory, their gat amounts, and their library classification which appears to be a legacy feature left over from the early ORIGEN days when computer memory was limited.  The Concentrations4.f95 Fortran program next calculates the total volume of the melted inventory using the molar volume values by element as included in the list.  

Note that this list of molar volumes per element to use with molten salt required significant time to prepare since it was carefully chosen by comparing reference value lists for several definitions of the atomic or ionic radius with published measurement giving molar volumes at two temperatures for molten LiF, NaF, and UF4.  A set of proportionality coefficients were found that reproduced the published molar volumes starting from radius data and those coefficients were then applied to the other elements to obtain the molar volumes used here.  It is understood this approach is not exact but it has the advantage that it exactly matches the published molar volume measurements for the LiF, NaF, and UF4 ingredients dominating the mixture and it provides numerical values to use for minor ingredients that have some plausibility.

After the total volume of the mixture has been calculated it is divided into the inventory amount for each isotope and a conversion constant in order to determine each isotope's concentration in units of atoms/bn-cm.  For those isotopes which MIPLIB recognizes, the Fortran code then writes the appropriate isotope names and concentrations into an output text file, b.txt.  This output file is later concatenated by the batch script between two other unchanging text files, a.txt and c.txt, to generate the SCALE input file, MSRlibgen_keff.inp.  This SCALE input file directs SCALE to run its fully automated sequence, CSASI, to generate problem dependent cross section libraries for the defined MSR geometry using the latest molten salt concentrations,  and then it directs SCALE to calculate that MSR configuration's keff value.  

In the process of carrying these tasks out, the CSASI sequence of SCALE automatically generates FIDO input files for its sequence of multiple scale module executions.  Although SCALE normally deletes these "i-files" before returning so the SCALE user normally does not see them, the present SCALE input file directs SHELL to copy them to a different folder for later use in calculating libraries for the FB.  It is regrettable that the CSASI automated sequence cannot accommodate an external neutron source, nor can other automated SCALE sequences.   SCALE source calculations normally require the full manual generation of all associated FIDO input files, an onerous task and one which cannot be done manually within a repeating batch script loop.   However, it was found that this task could be accomplished by making several detailed changes to the "i-files" saved from the MSRlibgen_keff.inp invocation of SCALE.   The task of reading in these saved "i-files", modifying them, and then automatically writing a FIDO input file for sequencing SCALE functional modules to generate problem-dependent libraries for the FB, was implemented in the second Fortran code, FBCONCENTRATIONS.f95.   This second Fortran code is invoked by the batch script immediately after the MSR library generating SCALE run finishes.  This second Fortran code also scans through the output file written by the earlier SCALE invocation to find its calculated keff value which it multiplies by 10,000 and then writes as an integer to a small  text file which is later read in by the batch script as an environmental variable and used to control batch script execution.  Note that the multiplication by 10,000 is necessary because Windows Command Language cannot do decimal arithmetic.  

It should be noted that the batch script loop initially starts from the point were on successive cycles the Concentrations4 Fortran program would have just finished its execution.  Therefore, the starting condition requires that all of the files automatically updated after other cycles must initially exist.  

This completes the description of the batch script loop and its invoked calculations.  Copies of the relevant files are found in Appendix 3.  

It should be mentioned that normally the SCALE output files produced in subsequent batch script loop iterations overwrite each other since they have identical names.  It is also possible to invoke SCALE using an optional parameter, -z , which causes the time and date of the execution to be appended as part of the output file's name.  If that is done then the output files accumulate in the directory and their time-date information allows them to be easily arranged in their simulation sequence.  The -z  option appears in the batch script file copy but is commented on with a REM: prefix to avoid an excessive number of files.  
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Appendices
Appendix 1:  Magnetic Fusion Features and Issues

(This needs to be extensively edited, since moving it here from a previous internal section that got way too long......)

The present section discusses magnetic confinement of thermonuclear plasmas, with the goal of summarizing relevant technology, methods, and issues.

Particles of an exploding pellet escape from a non-magnetic fireball by moving from the explosion site in all directions following straight lines until unavoidably hitting the chamber's walls.  In contrast, in a magnetic field, charged particles like the electrons and ions which comprise a plasma at thermonuclear temperatures naturally move in curved paths.  This feature can be exploited to prevent the high temperature plasma from hitting the walls.

Magnetic Interaction Basics

Since a magnetic field is a continuous vector function of spatial location, it is always possible to determine its equivalent bundle of field lines,  i.e., its infinite set of special three dimensional curves that at all points on each curve are tangent to the local magnetic field direction.  Since all magnetic fields have a divergence of zero, no field lines can ever terminate; instead each line continues without ever ending.   

The Lorentz force,  equal to the vector cross product of the particle's velocity vector with the local magnetic field vector multiplied by the particle's charge, or more simply stated as 
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 , acts on each charged particle. In a uniform magnetic field a charged particle moving perpendicular to the field rotates at the cyclotron frequency in a perfectly circular "Larmor" orbit around a single magnetic field line.  This effectively pins electrons and positive ions to a magnetic field line but does not constrain their motions along the field line.  The cyclotron frequencies are high.  At a 5 Tesla magnetic field strength, slightly weaker than the magnetic field used in the TFTR or the field planned for the ITER, the Larmor frequencies are 140 GHz for electrons, 38 MHz for deuterium ions and 25.3 MHz for tritium ions.  Larmor orbit radii increase with particle energy (i.e., temperature) but are relatively small at thermonuclear energies.  For instance, at 10 keV per particle in a 5 Tesla magnetic field the Larmor radii are 0.067 mm for electrons, 4.1 mm for deuterium ions, and 5.0 mm for tritium ions.  

Magnetic Mirrors

In a uniform magnetic field the combination of their parallel and perpendicular motions is a helical path gyrating around a field line.  An approximately uniform magnetic field is obtained inside any long cylindrically shaped solenoid, but this would not be useful for fusion if the particles simply leaked out of the solenoid's ends. This particle leakage issue is fundamental since it is impossible to avoid field lines exiting a finite region of uniform magnetic field.  It was learned in the 1950s that locally increased magnetic field strengths at a  solenoid's ends would avoid leakage of gyrating particles whose velocity pitch angle relative to the magnetic field lines exceeded a threshold angle which depended on the magnetic field strength ratio.  But other gyrating particles whose velocities were more closely aligned with the field lines would still leak out.  The "magnetic mirror fusion" program was formed to find out how to further reduce leakage, and a path to simple and compact fusion reactors using simple solenoids, but almost 30 years later when leakage was still high the mirror fusion program was canceled in 1985 along with all other research on open field line confinement schemes.  

Closed Confinement Systems:  Tokamaks and a

Closed confinement schemes obey the principle that magnetic field lines should be shaped so that they do not guide ions or electrons moving along them into the chamber's walls.  

In 1951, I.E. Tamm and A. D. Sakharov of the Soviet Union had proposed the tokamak and L. Spitzer of the United States had proposed the stellarator, both closed confinement schemes with the goal of harnessing nuclear fusion for energy production.  These two approaches have survived to the present time as, respectively, the most successful and the second most successful magnetic confinement approaches.  The major difference between the tokamak and the stellarator is that tokamak magnetic fields are axisymmetric whereas stellarator magnetic fields are not.  Otherwise they are similar. They are topologically identical but stellarators have non-axisymmetric deformations that occur in a regular periodic fashion.  

Although not essential for plasma confinement, it has been convenient to vertically orient the rotational axis of symmetry in tokamaks. Stellarators are usually implemented with n-fold periodic rotational symmetry and it has also been convenient to vertically orient their rotational symmetry axes.   For the axisymmetric tokamaks the (R, , Z) cylindrical cooordinate system is ubiquitous with  termed as the toroidal instead of azimuthal angle but the (R,  Z) poloidal half-plane frequently suffices.  Stellarator literature uses this nomenclature too but also frequently uses deformed curvilinear ooordinates attached to the magnetic field lines.  .

Tokamaks are implemented with planar coil windings arranged in two types of orientations.  Poloidal field coil windings are all circular and in horizontal planes concentric with the tokamak's vertical symmetry axis.  Toroidal field coils are all oriented in (R,  Z) poloidal half-planes at evenly spaced toroidal angles.  The number of eqyally spaced toroidal field coils is large in order to approximate axisymmetry. For instance the JET uses 32, the TFTR used 20, and the ITER will use 18.

In contrast, coils used in stellarator designs are typically non-planar and have 3-D shapes designed with extensive computer-based numerical optimization calculations.  Stellarator designs may use some planar coils for manufacturing convenience.

The Charge Separation Problem

Although there is only one magnetic field at any time, it is useful to conceptually divide it into separate component magnetic fields which sum to the total field. Electromagnets generating the fields are typically subdivided into circuits that match these component field definitions. In both tokamaks and stellarators the stongest magnetic field component is the toroidal field.  In the tokamak the toroidal field lines are oriented in the toroidal direction (
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) so each toroidal field line closes on itself, forming a circle as seen from above.  In the stellarator the toroidal field lines also close on themselves but they deviate from circular as a periodic function of toroidal angle.  In either confinement scheme, the toroidal field is generated by electric currents flowing in TF conductors located outside the toroidal plasma region.  That guarantees for the tokamak's toroidal field that the field strength varies as an inverse function of the radial position, R, , and for the stellarator on average that the inverse variation also applies.  

A charged particle gyrating around a field line in a tokamak or stellarator therefore is exposed to a stronger toroidal magnetic field while on the inboard side of the field line it is following than when it is on the outboard side.  The stronger magnetic field increases the curvature of path while on the inboard side and the weaker magnetic field decreases the path curvature while on the outboard side.   The effect of this field strength nonuniformity is that the gyrating charged particle's path will change from a circular shape to the shape of a prolate cycloid, which is a curve which does not return to its starting poitn because it combines a steady drift motion with its circular motion, The drift is either upward or downward depending only on whether the particle is an electron or a positive ion.  These oppositely directed drifts in electrons and positive ions will quickly lead to a vertical separation of charge and the formation of a vertical electric field.  The simultaneous existence of the vertical electric field and the horizontal toroidal magnetic field will rapidly drive the plasma to move radially into the inner or outer wall of the chamber.  Thus, neither the tokamak nor the stellarator could confine a plasma if their toroidal field systems were used alone..

The Rotational Transform Solution

The solution to this charge separation conundrum in both tokamak and stellarator confinement systems is to add a second component of magnetic field which twists the field lines within the plasma in order to provide a rotational tramsform.  By doing this, the system of field lines each of which closes on itself without the rotational transform instead rotates through a poloidal angle during each toroidal circuit.  With the twist  component in place, if one follows a tokamak field line toroidally around the plasma starting from, e.g.,  an outboard location on the plasma edge,  it would not return to the same point after one toroidal cycle. Instead it would return to a different point on the plasma edge, e.g., on the top.  Another toroidal cycle would return the field line, e.g., to an edge point on the inboard side of the plasma and yet another toroidal cycle to a point on the plasma's bottom.  For most field lines this poloidal twist angle per toroidal cycle would not be an exact rational fraction but instead would be an irrational number.  Thus most helical field lines could never terminate by closing on themselves after a finite number of toroidal cycles but instead would continue forever, ergodically filling a toroidal surface by eventually approaching any point on the surface arbitrarily closely.

Charged particles pinned to such a field line through their gyro motion about it are free to move toroidally along the field line which now visits the outboard, top, inboard, and bottom parts of the plasma.  The cumularive vertical drift due to particle gyromotion through the non-uniform toroidal field is itself also rotated by the new rotational transform, so the cumulative drift occurring while a particle is on the plasma's inboard side is canceled by the cumulative drift occurring while the particle is on the plasma's outboard side.  An overall result of the rotational transform is that charge separation and the resulting extinction of the plasma does not occur.  

Magnetic Surfaces

Magnetic surfaces are another result of adding the rotational transform..  Each closed toroidal surface ergodically covered by an infinite set of helically twisted field lines is termed a magnetic surface.  Electrons and ions are free to move toroidally along a magnetic surface field line from any one location on the surface to any other location.  Magnetic surfaces are formed in all tokamaks and also are formed in properly designed stellarators,  In both tokamaks and stellerators the field lines are helically rotated throughout the plasma volume, not just at the plasma's  outer boundary.  For any axsymmetric magnetic field such as the field in a tokamak plasma there will always be a unique "fixed point" field line within the plasma which closes on itself and for which the rotated field line remains unchanged.  It is termed the magnetic axis and the other field lines in the plasma all spiral helically around it.  The field line rotation angle per toroidal cycle will vary continuously with position within the plasma cross section and it will be different near the magnetic axis than iit will be at the plasma edge.  This implies that the field lines within the plasma will form nested toroidal magnetic surfaces everywhere within the plasma and that they are nested inside each other, from the plasma edge on the outsiide to the magnetic axis in the middle, a degenerate form of a toroidal surface.     

Isotherms and Isobars

Magnetic surfaces are also constant temperature surfaces, and in addition also are constant pressure surfaces.  Since pressure is proportional to the product of particle densitty and temperature, they must also be surfaces of constant particle density.  SSince fusion power density is a function of tenoeratue and density both of which are constant on a surface, it logically follows that a magnetic surface is also a surface of constant fusion power density.

Since electrons and ions are pinned to field lines but free to move toroidally along the field lines, if the pressure were higher on one part of a magnetic surface than another the constrained particles would respond to the pressure difference by moving at thermonuclear speeds to the lower pressure region on the same magnetic surface.  This movement of material would immediately reduce the pressure difference, quickly leading to a single pressure everywhere on the surface. A similar explanation applies for temperature differences  Thus, the nested toroidal magnetic surfaces in a tokamak or stellarator can each be labeled  with a constant temperatue vlaue and with a constant pressure value.  

Producing a magnetic rotational transform in an axisymmetric system such as a tokamak is logically equivalent to forcing a toroidally directed electrical current to flow within the plasma volume itself.  In the tokamak there are not multiple options to choose between for generating the magnetic field component providing the rotational transform.  The added magnetic field must be perpendicular to the toroidal direction, tangent to the plasma boundary, and directed either clockwise or counterclockwise poloidally around the plasma cross section.  The only physical way to do this within the axisymmetry constraint is to drive a toroidally directed electrical current in the tokamak plasma.  

For the stellarator, where it is permitted to advance or retard the field line's rotation differently in different toroidal sectors as long as there is a net nonzero rotation in each full toroidal circuit, it is possible to design specially shaped external magnetic coils to provide the rotation without either penetrating the plasma with those coils or requiring that a current flow in the plasma. This is normally done. 

Tokamak Plasma Current 

This leads to stating the essential difference between tokamaks and stellarators.  Tokamaks need a nonzero electric current flowing in a closed loop through their plasmas in the toroidaal direction while stellarators do not.  Forcing a tokamak plasma current to flow toroidally through the loop of plasma is difficult because it is not allowed to break the plasma into pieces to insert pairs of insulators separated by electrodes electrodes (and even if it were the electrodes would cool the plasma). 

Tokamak Plasma Breakdown, Current Production, Ohmic Heating

However, there is an efficient way to drive an electrical loop current in a closed conducting metal ring without breaking that ring, provided that the current is an AC current instead of DC.  One inserts a solenoid through the metal ring to serve as the primary winding of a transformeer, applies an AC voltage to the solenoid's electrical terminals to cause an AC current to flow in it, then confirms by measurement that indeed an AC current is flowing in the ring, This confirmation could be accomplished by, for example, measuring the ring's rate of temperature rise as it is ohmically heated by the AC loop current induced to flow in it.  This scheme would also work with the solenoid not located inside the metal ring if a loop of ferromagnetic material such as iron were threaded through both the solenoid and the metal ring.  The important requirement is that a changing amount of magnetic flux must be threaded through the ring.  

All tokamaks use this scheme relying on magnetic induction to build up and maintain the toroidal plasma current.  Early tokamaks threaded an iron loop through the middle of the tokamak and through an external solenoid, but since iron saturates at less than 2 Tesla more modern tokamaks place coils directly in the  center of the tokamak.  Rapidly changing the solenoid coil current introduces a large toroidally directed electric field which causes an initial fill of hydrogen gas during initial milliseconds, then the sustained toroidal electric field as the solenoid current continues to be ramped causes the toroidal plasma current to further increase.  For instance, in the TFTR the designed toroidal plasma current was 3 MA (i.e., 3 Mega-Amperes, aka 3 million amps). The JET has been operated with a plasma current of 7 MA, and the ITER is designed to operate with 15 MA.   

In addition to ionizing the gas to initiate the plasma and then building up the plasma current as needed to provide the rotational transform, the high plasma current driven by rapidly ramping the inductive solenoid coil's current unavoidably heats up the plasma to high temperature.  For that reason some research organizations traditionally refer to this solenoid and related coils as the Ohmic Heating (OH) coil system.  Using only the OH system for heating, small tabletop tokamaks routinely reach plasma temperatures near 0.1 keV while medium size tokamaks may reach 1 keV.  Further ohmic heating of a plasma to reach higher temperatures is not effective because of the following

(1) the plasma's electrical resistance declines rapidly with increasing temperature so ohmic heating power at constant plasma current declines as plasma temperature increases,

(2) a further increase of plasma current would further increase the rotational transform and the plasma becomes unstable if the rotational transform is  too large, and

(3) heat losses from the plasma increase as its temperature is increased.
Therefore, tokamaks need to have other auxiliary systems to heat the plasma further in order to reach the thermonuclear temperature range of 10 keV to 20 keV.  

Auxiliary Heating Systems

Both radio frequency heating systems and neutral beam injection systems are effective in raising plasma temperature to well above 10 keV.   

The radio frequency systems couple to a physical resonance of the plasma such as the ion cyclotron frequency (ICRF), the electron cyclotron frequency (ECRF), or an intermediate resonance frequency of which there are several but for which the most commonly used is the lower hybrid resonant frequency (LHRF).  Radio frequency systems use a remotely located high efficiency radio wave generator and low loss transmission line to conduct the radio frequency heating power to antennae adjacent to the plasma.  The energy must then be coupled into the plasma and must propagate within the plasma to a zone where it resonates with and is absorbed by the charged particles. The physics controlling these processes are complicated and are easily disrupted.  For instance, antenna coupling to the plasma may change due to small shifts in plasma edge position relative to the launching antennae, waves of different polarizations propagate differently on density-sensitive paths within the plasma, and the energy absorption regions may shift due to changes in the plasma current's internal profile. When these events occur the radio frequency heating of the plasma stops.  Thus it is necessary to provide real-time feedback control based on measurements of plasma conditions in order to keep these processes properly tuned.   

Neutral beam injection systems combine highly efficient ion accelerators with an neutralization system in order to deliver high kinetic energy nuclides to a magnetically confined plasma.  Each system creates a directed beam of high speed neutral atoms which are shot into a magnetically confined plasma where they collide with the ions already there.  Their primary purpose is to heat the plasma by transferring their kinetic energy to the plasma's ions, but if the neutral atoms are deuterium or tritium they will also provide a steady stream of fresh fusion fuel to a plasma.  In addition to energy and mass the neutral atoms also carry momentum, and since their collisions with plasma ions are different from their collisions with plasma electrons they can also cause some electrical current to flow in the plasma.  

Neutral beam systems first ionize atoms at a location outside the tokamak, then accelerate those ions to a high speed and energy typically by using a high DC voltage, then neutralize the ions in a charge exchange region from which the resulting high speed neutral atoms emerge and stream through the magnetic field confining the plasma without being deflected.  Finally the neutral atoms enter the plasma where they collide with plasma ions and re-ionize.  

The physics of neutral beam interactions with the plasma do not require careful tuning to get the neutral beam energy absorbed.  If a plasma is present it will be heated.

As opposed to the radio frequency heating systems, a neutral beam heating system requires a straight path from its neutralization region into the plasma.  This implies that if used in a fusion reactor, neutral beams require penetrations through the fusion blanket, and some fusion neutrons would be lost by streaming out through those penetrations.

Neutral beam systems are classified into two different types, positive ion neutral beams and negative ion neutral beams.  It is more difficult to make a reliable ion source for negative hydrogen ions so most hydrogen neutral beam systems to date have been positive ion neutral beams.  However, negative ion neutral beams have an important advantage so are being vigorously developed.  The ion accelerators work equally well regardless of the ion charge polarity but charge exchange neutralization works much better for the higher energy negative ions than it does for the higher energy positive ions.  Charge exchange neutralization in hydrogen isotope neutral beam systems is accomplished by streaming the high speed ions through a region containing neutral hydrogen gas.  Glancing collisions between a positive ion and a cold neutral can transfer an electron from the neutral to the ion, thus neutralizing it, but the cross section for this charge exchange declines as the relative speed between the nuclides increases.  As a result, positive ion neutral beams for hydrogen or tritium are limited by an efficiency that declines with neutral atom energy.  They are efficient at 50 keV, have reduced efficiency at 100 keV, but are not useful at 200 keV. Negative ions are neutralized in a glancing collision with a neutral by giving up their extra electron.  This process retains its high cross section at higher relative speeds and would allow efficient neutralization to occur at much higher energies.  

Negative ion neutral beams are being developed at present with the intention of using them in the ITER.  It is expected that the higher energy per particle will allow them to deliver more energy into the central zone of ITER's large plasma than would be possible at the lower energies typical of positive ion neutral beams.  

Steady Plasma Current Sustainment Issue

After ramping the OH solenoid current sufficiently quickly and for enough time that the plasma current reaches its full desired value, the controlled OH current ramp rate is then slowed but not stopped.   To keep the plasma current constant it is only necessary for the ramp rate of change of OH solenoid current to provide a plasma toroidal loop voltage which exactly compenates for the plasma's electrical losses.  These losses are the product of plasma current times plasma resistance.  The plasma resistance will have been been dropping as the plasma temperature has risen in response to the ohmic heating by the plasma current.  It will drop even more when auxiliary plasma heating systems further increase plasma temperature up to the thermonuclear range.  

The OH solenoid current ramping scheme cannot maintain plasma current indefinitely.  Eventually the ramping OH coil current will have increased to its msximum current operating limit where further increases in its current would damage the coil.  At that point in time if the OH ramp were stopped then the plasma loop voltage drop which the OH current ramp had been compensating for, wouldact.  The plasma currenbnt would start declining towards zero. The decline would be different from conventional exponentlal decay curves because the plasma's electrical resistance would increase  as it cooled, but the result would be that DT fusion would be interrupted during this plasma current decline and could not be restarted until after brief time interval.  

Thus this scheme does not overcome the fact that the OH induction transformer method of driving plasma current can accommodate AC but not DC.  It is necessary to periodically interrupt the plasma so DT fusion would also be periodicallyinterrupted. 

AC operation of tokamak not working well

It was widely acknowledged that since tokamaks can operate stably with the plasma current going in either toroidal direction, This was the main research topic at Tokamak de Varennes which was operated by Hydro Quebec from 1987 to 1999, and it was also the subject of some experiments at the  JET.  In experiments it was found that the plasma always extinguished as the plasma current went through zero, although it was possible to re-establish a plasma after each zero crossing.  This approach is not being pursued further at present.

Bootstrap Current

It was theoretically  predicted before the  TFTR experiments in the 1980s that if fresh hydrogen fuel were continuously supplied near the magnetic axis of a thermonuclear tokamak plasma, the resulting positive ions and electrons diffusing outward across the poloidal magnetic field produced by the plasma current would acquire toroidal components to their motion which would  reinforce the toroidal current already flowing.  This "bootstrap" current effect was observed in the TFTR and has since been measured in other tokamaks.  However its physics is complicated and we probably do not yet have a very accurate predictive capability for it.  Theoretical studies modeling it indicate that it could supply a large fraction of a tokamak plasma's toroidal current but probably not all. It would be nice in the future to comprehensively study the bootstrap effect via experiments in a DT fusioning plasma with Q>5, so that self heating of the plasma by 3.5 MeV alpha particles exceeded the exernal heating of the plasma.  It may turn out that under those conditions the bootstrap current might be able to by itself maintain all of the plasma current needed for the rotational transform  (but perhaps not).  

Auxiliary Heating Current Drive

In the early 1980s the PLT (Princeton Large Torus) tokamak then operating at the Princeton Plasma Physics Laboratory demonstrated driving large steady plasma currents by the injection of Radio Frequency Heating power.  Current drive has subsequently been successful using several different plasma charged particle resonances.  The fact that RF drive works reliably has since been demonstrated in other tokamaks, for instance the Japanese tokamak JT60 has driven its ful 3.6 MA plasma current using injected LHRF power.  However, using radio frequecy waves is less energy efficient than magnetic induction using an OH coil system to drive plasma current.

Neutral beam heating systems beamed into a plasma in appropriate directions have also demonstrated the ability to drive a large toroidal current in a tokamak plasma.  .

Stellarator Start-up and Steady Operation

As stated earlier, stellarators provide the rotational transform needed for plasma stability through external non-axisymmetric coils, so they do not have an electricaly driven plasma current.  Therefore they do not automatically have systems for ionizing the initial gas into a plasma or for heating the initially low temperature plasma, but such startup systems must be provided for a stellarator to work properly as a fusion reactor.

During steady operations the stellarator has the advantage over the tokamak that the magnetic fields needed in steady-state are all provided by steady  DC currents flowing in electrical coils.  

Each of the following gets one brief paragraph.

------------------------------------------------

Plasma position and shape control in tokamak, stellarator
Mention the Grad Shafranov equation, limiter, LCFS
Mention plasma divertors.

Fusion fact that minimum size is large due to low cross sections.
Size scaling of blanket and shielding
Discuss plasma aspect ratio and STs
Beta and fusion power scaling

Superconducting vs normal coils
Maintenance access to plasma blanket

but briefly
Magnetic confinement schemes are subject to a limit on the maximum plasma pressure that can be stably confined, a fraction of the magnetic field pressure universally known as  in the fusion research community.  Pressure effects in inertial confinement schemes are more complex since higher pressure increases the fusion reaction rate but also may shorten the brief time that an imploded fusion fuel pellet can fuse before dissipating.
Plasma pressure is proportional to the product of total particle density and temperature, i.e., 
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 is the total density of nuclei.  The maximum fusion reaction rate therefore occurs with a 50/50 mixture of 
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.    For a DT pressure limited plasma that maximum occurs at 13 keV (i.e., 150 million Kelvins), with most fusion reactions involving particles in the maxwellian velocity distribution's high energy tail.   
The main difficulty in developing pure fusion reactors has been that such high temperature plasmas intensely give up their heat to their cooler surroundings.  High plasma heat losses increase the heating rate needed to maintain thermonuclear temperatures, thus reducing Q values.  Early fusion researchers underestimated the extent of such cooling, e.g., allowing for bremsstrahlung radiation but not anticipating other more significant heat loss mechanisms, some of which still remain poorly understood today.  Much of fusion research has been focused on characterizing heat losses from thermonuclear plasmas and finding ways to reduce them.   Experimentally measured plasma temperatures and densities are routinely used to determine W, the total thermal energy content in a plasma.  For magnetically confined plasmas, the total heat loss rate, PL,  can be determined experimentally by adjusting external heating power to maintain constant plasma temperature, if not measured more directly by plasma diagnostics.  The ratio of these two experimental quantities is then defined as the energy confinement time:
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Experimentally determined energy confinement times cataloged for many plasmas in different experimental tokamaks with differing confinement geometry shapes and sizes, magnetic field strengths, densities, and temperatures, range from about 1 millisecond to about 1 second.  Certain operating regimes have been identified (e.g., H-mode) in which the energy confinement can be about twice its value in other regimes (e.g., L-mode) with otherwise similar plasma parameters.  After grouping energy confinement data by operating regime, they have been subjected to regression analyses in attempts to find scaling laws predicting 
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in terms of adjustable design parameters.  The resulting scaling laws predict the data base used to generate them with less than a factor of two uncertainty.  They predict significant increases in 
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 from increases in plasma size,  plasma electrical current, and magnetic field strength, and they were extrapolated in order to choose design parameters for the ITER experiment now under construction.  

For quasi-steady state confinement concepts, if total DT fusion power were exactly 5 times the plasma's total heat loss rate then all heating needed to maintain the plasma at thermonuclear temperatures could be entirely supplied by the energetic helium nuclei internally generated in the plasma as a result its DT fusion reactions.  This clearly economical ignition condition would not require any steady external feedback of produced electrical energy, so its Q value would be infinite.   By using some approximations it is possible to derive an ignition criteria for a 50/50 DT plasma in terms of its density, pressure, and energy confinement time; the result is as follows [J.Wesson, Tokamaks, 2nd ed.; p11]:  
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Thus, for example, the ignition condition would be reached in a DT plasma with density n= 1020 nuclei/m3, temperature T=10 keV, and an energy confinement time of  E=3 seconds, provided those conditions were simultaneously achieved. 

On the other hand, achieving ignition may not be essential.  A Q value of 25 may suffice for economical pure fusion energy production, depending on capital costs.  
More important for the present proposed research, DT fusion Q values of 3 or even less may provide a useful capability for the FFH-MSR if the high energy 14.1 MeV fusion neutrons produced by the DT reactions are used to enhance features of a symbiotic fission system.  

Although for many considerations the fusion scheme could be regarded as a black-box in this study, for considerations where it matters, such a size, this study assumes the fusion scheme is a compact Spherical Torus (ST) device.  The ST fusion schemes are smaller in size than other designs.  Their magnetic field coils use water-cooled copper conductors which makes them cheaper than tokamaks with cryogenic superconducting coils but requiring of a larger recirculating electric power level.  Their water-cooled copper coils are demountable, so their configuration is maintainable during a shutdown by allowing the ST's vacuum vessel to be opened at the top for  full internal maintenance access from a crane, a situation not obtainable in tokamaks with superconducting coils.   
Magnetic confinement schemes are subject to a limit on the maximum plasma pressure that can be stably confined, a fraction of the magnetic field pressure universally known as  in the fusion research community.  Pressure effects in inertial confinement schemes are more complex since higher pressure increases the fusion reaction rate but also may shorten the brief time that an imploded fusion fuel pellet can fuse before dissipating.
Plasma pressure is proportional to the product of total particle density and temperature, i.e., 
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 is the total density of nuclei.  The maximum fusion reaction rate therefore occurs with a 50/50 mixture of 
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.    For a DT pressure limited plasma that maximum occurs at 13 keV (i.e., 150 million Kelvins), with most fusion reactions involving particles in the maxwellian velocity distribution's high energy tail.   
The main difficulty in developing pure fusion reactors has been that such high temperature plasmas intensely give up their heat to their cooler surroundings.  High plasma heat losses increase the heating rate needed to maintain thermonuclear temperatures, thus reducing Q values.  Early fusion researchers underestimated the extent of such cooling, e.g., allowing for bremsstrahlung radiation but not anticipating other more significant heat loss mechanisms, some of which still remain poorly understood today.  Much of fusion research has been focused on characterizing heat losses from thermonuclear plasmas and finding ways to reduce them.   Experimentally measured plasma temperatures and densities are routinely used to determine W, the total thermal energy content in a plasma.  For magnetically confined plasmas, the total heat loss rate, PL,  can be determined experimentally by adjusting external heating power to maintain constant plasma temperature, if not measured more directly by plasma diagnostics.  The ratio of these two experimental quantities is then defined as the energy confinement time:
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Experimentally determined energy confinement times cataloged for many plasmas in different experimental tokamaks with differing confinement geometry shapes and sizes, magnetic field strengths, densities, and temperatures, range from about 1 millisecond to about 1 second.  Certain operating regimes have been identified (e.g., H-mode) in which the energy confinement can be about twice its value in other regimes (e.g., L-mode) with otherwise similar plasma parameters.  After grouping energy confinement data by operating regime, they have been subjected to regression analyses in attempts to find scaling laws predicting 
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in terms of adjustable design parameters.  The resulting scaling laws predict the data base used to generate them with less than a factor of two uncertainty.  They predict significant increases in 
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 from increases in plasma size,  plasma electrical current, and magnetic field strength, and they were extrapolated in order to choose design parameters for the ITER experiment now under construction.  

For quasi-steady state confinement concepts, if total DT fusion power were exactly 5 times the plasma's total heat loss rate then all heating needed to maintain the plasma at thermonuclear temperatures could be entirely supplied by the energetic helium nuclei internally generated in the plasma as a result its DT fusion reactions.  This clearly economical ignition condition would not require any steady external feedback of produced electrical energy, so its Q value would be infinite.   By using some approximations it is possible to derive an ignition criteria for a 50/50 DT plasma in terms of its density, pressure, and energy confinement time; the result is as follows [J.Wesson, Tokamaks, 2nd ed.; p11]:  
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Thus, for example, the ignition condition would be reached in a DT plasma with density n= 1020 nuclei/m3, temperature T=10 keV, and an energy confinement time of  E=3 seconds, provided those conditions were simultaneously achieved. 

On the other hand, achieving ignition may not be essential.  A Q value of 25 may suffice for economical pure fusion energy production, depending on capital costs.  
More important for the present proposed research, DT fusion Q values of 3 or even less may provide a useful capability for the FFH-MSR if the high energy 14.1 MeV fusion neutrons produced by the DT reactions are used to enhance features of a symbiotic fission system.  

Although for many considerations the fusion scheme could be regarded as a black-box in this study, for considerations where it matters, such a size, this study assumes the fusion scheme is a compact Spherical Torus (ST) device.  The ST fusion schemes are smaller in size than other designs.  Their magnetic field coils use water-cooled copper conductors which makes them cheaper than tokamaks with cryogenic superconducting coils but requiring of a larger recirculating electric power level.  Their water-cooled copper coils are demountable, so their configuration is maintainable during a shutdown by allowing the ST's vacuum vessel to be opened at the top for  full internal maintenance access from a crane, a situation not obtainable in tokamaks with superconducting coils.   
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