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For more than the past decade, I have argued that the fusion project return to the fusion hybrid, and specifically in the fission suppressed mode (1-6).  This is a very brief summary.  In this mode, a fusion reactor produces fissile material to be burned elsewhere in conventional nuclear reactors.  Refs. (1-6) emphasized the thorium cycle, but these remarks apply for either 233U or 239Pu.  Here I’ll summarize first the arguments for the hybrid, second the arguments for the fission suppressed mode, third the world’s need for it, and fourth, a particular development path which might lead to economical, large scale carbon free energy by mid century.

1)  In fusion, perhaps, the most important figure of merit is Q, the ratio of neutron energy out to driver energy in.  This parameter is extremely difficult to enhance.  After 50 years of fusion research, tokamaks have achieved only Q ~ 1 in a transient discharge and Q ~ 0.2 in a steady state discharge.  (References for all claims and numbers are in 1-6).  It is easy to see that even Q~5-10 which ITER hopes to achieve in ~ 20 years will be insufficient.  First of all, neutron power is converted to electricity with an efficiency of ~1/3.  Then electricity is converted to the driver (typically neutral beams, microwaves or rf ) with an efficiency of ~1/3, so there is no gain.  High power laser drivers are typically 1% efficient today, with hopes for achiving 10% with further development.  For pure fusion they will need gains well over 50.  Hybrid fusion can enhance the gain.  

For the typical blanket used in (1-6), as a canonical case, one 14 MeV neutron produces 1.1 triton, 0.75 233U’s and 35 MeV (the nuclear reactions in the blanket are exothermic).  But when a 233U is burned, it releases ~ 200MeV, so hybrid fusion increases net gain by an order of magnitude.  Now a fusion reactor with Q ~5-10 becomes a viable hybrid fuel producer.  This enhancement in Q makes the development of a fusion reactor much more likely.  Take an ITER scale reactor.  If it achieves a Q of 5-10, it is useless for pure fusion, but could be a very viable hybrid fuel producer.  Considering how difficult it is to enhance Q, this could take decades off the time to develop commercial fusion energy.
2)  In the fission suppressed hybrid, a flowing blanket with uranium or thorium dissolved or suspended in it flows through the fusion neutron flux.  At another position well away from the plasma, the 233U or 239Pu is removed from the flow.  Since the material in the flow is much simpler, not radioactive, and is well known, the removal is much simpler than reprocessing of spent nuclear fuel.  The goal here is to have as little fission in the blanket as possible, i.e. the criticality is as close to zero as possible.  One might think that the inclusion of flowing uranium or thorium in the blanket would make the blanket design more complicated.  Actually it makes the design of a fission suppressed hybrid blanket simpler because the neutron wall loading is only about 10% of what it would be for pure fusion plasma.   The nuclear fuel produced is burned in existing reactors which have done so safely for decades.  Thus the fission suppressed fusion hybrid fits well into existing infrastructure.

Take the case of a fusion device the size of the original ITER (we call it Large ITER) which has Q~10 and produces ~1.5 GW of neutron power and ~3.5 GW (i.e. ~1.2GWe).  It would fuel about 5 LWR’s of comparable power.  This is a tremendous advantage of fission suppressed fusion hybrid – it is an extremely prolific fuel producer, much greater than a fission breeder.  As a reference case for the fission breeder, consider the sodium cooled integral fast reactor (IFR).  Run in its normal breeding mode, it takes ~ 2 IFR’s to support a single LWR of comparable power.  Furthermore, it takes about 10 tons of fissile material to get it started; a fusion breeder takes none.

Another option for hybrid fusion is called fast fission, where the fusion reactor is a neutron source for a subcritical nuclear reactor.  Surrounding a fusion reactor with fertile material will greatly increase the power.  Certainly this does not fit in well with existing infrastructure.  Also the former is a tremendously complicated system, a fusion reactor which we do not understand well and could disrupt (for instance ITER will be storing ~ 1GJ, or the explosive energy of ~ 500 pounds of TNT) and suddenly release enormous amounts of energy in close proximity to several tons of plutonium.  This will certainly be a significant safety issue.
Hybrid fusion, in a fast fission configuration has also been proposed for burning actinide spent fuel form LWR’s.  Again it is difficult for this author to see just what hybrid fusion brings to the table.  Conventional nuclear breeders with low conversion ratio can do this just as well; and since there is so much spent fuel around now, at the outset there is not even any need for low conversion ratio.  Fast neutron reactors do need to reprocess the fuel about every year, but an IFR does this on site with a technique called pyroprocessing.  That is there is no need to send the fuel back and forth to a a huge separate plant.

An LWR each year releases ~ 20% of its fuel as spent actinides.  Thus a Large ITER sized fission suppressed hybrid supports five 1GWe LWR’s.  A single 1 GWE IFR run at low conversion ratio can burn all of the actinide waste.  This then has the potential for closing the nuclear cycle.

3)  25 years ago, nobody foresaw the tremendously rapid development in China and India.  To underpin this development, China is bringing on line a coal fired power plant every week.  At the meeting, Dr. Wu, one of the heads of the Chinese fusion project pointed out that even with this tremendous development, the average Chinese uses only about 10% of the energy of the average American.   China is determined to change this and rightly so; furthermore they will not do this with windmills.  The situation with India is about the same.  Even if we in the USA conserve and cut our energy use in half, but China and India with 8 times our population come up to this new lower level, these three countries will nearly triple their total energy use.

25 years in the future, we and our descendents will be amazed that we did not predict that the rest of Asia, Africa and Latin America will do the same.  We should all hope this is so, it will lead to a much more peaceful 21st century world.   One consequence however is that the dire predictions of the climate change alarmists will almost certainly be tested.

We should keep these obvious facts in mind when we read estimates of how long the world’s uranium resource will last.  Most likely it will be used up much faster than we think.  This is especially true if 20 or 30 years form now, adverse climate effects of burning coal in such quantity become more obvious.  Coal fired plants may be dismantled and replaced with nuclear plants.

And it is not as if the fusion hybrid can start producing fissile material the day after tomorrow.  If we start now, and the technology works well, the very earliest we could start producing fissile material in quantity (not a DEMO, in quantity) is 30-40 years from now.  This is just when it will be needed, and most likely needed very badly.  But the time to start is NOW!

4)  To bring about the realization of fission suppressed hybrid fusion, the author has proposed a staged development plan.  The fist step is the development of a CW or high average power DT plasma device with Q~1.  I have denoted this ‘scientific prototype’.  My own estimate is that this would cost ~$3-4 B over ~ 15-20 years.  If successful the next step would be a Q~10 CW or high duty factor device in a DT plasma producing ~0.5-1.5 GW of neutron power.   This is the ‘commercial prototype’.  Based on Large ITER costs, this would cost ~$20B over about 15-20 years.  If successful we could both use the commercial prototype to produce fuel and also then begin to build devices to generate vast quantities of nuclear fuel quickly.
The next question is how using MFE we can bring this about.  Any such device would have to be CW or high duty cycle, at high power in a DT plasma.  MFE has not yet accomplished this.  Regarding the plasma heater, the options so far are neutral beams, ECRH, lower hybrid and ICRH.   The former two have standoff, the latter two need coils, antennas or waveguides centimeters from a fusion plasma emitting vast quantities of 14 MeV neutrons.  Any proposal relying on these latter two drivers have to take account of these inescapable truths.

To search for the best plasma configuration for say the scientific prototype, I start with the assumption that the plasma is the most difficult piece of the puzzle.  While the nuclear engineering is certainly no cake walk, in fusion, the plasma is the key.  The nuclear engineering, if at all possible, should accommodate itself to the best plasma configuration.  At least today, this is a tokamak.

Ten years ago, TFTR, and JET achieved Q~1 and 20 MW of neutron power in a 1 second pulse in a DT plasma driven by neutral beams with wall plug efficiency of ~ 20-30%.  JT-60 has achieved the same in a DD plasma.  So far no other plasma configuration has even come close.  Even if NIF is successful in its ignition drive, and achieves Q~1, or ~1 MJ of neutron energy, it is being driven by a 1% efficient driver with no average power capability.  No matter how well NIF does with its present laser system, tokamaks will hold the lead for at least a while longer.
Because tokamaks are so far ahead of their nearest competitor, Refs. (1-6) discussed building a tokamak scientific prototype.  Approximate parameters for the proposed scientific prototype are given there.  However just because tokamaks are in the lead now, they are by no means a slam dunk.  In addition to the issues for any CW DT fusion plasma already discussed, tokamaks have their own issues.  First and perhaps foremost is the problem of disruption.  This is the sudden release of all, or a significant part of the plasma and poloidal field energy (~1GJ in ITER).  So far disruptions have plagued all tokamaks, so any credible tokamak proposal must address this issue in a convincing way.  Second, the plasma current is driven in part by a transformer with limited volt second capability.   One must find a way to drive the current CW or at high average capacity.  Third, the Q~1 discharges in say JET were only for discharges which terminated prematurely.  In discharges with lasted as long as they could be powered, Q seems to be limited to ~0.2.  One must find a way to increase this.  In addition, it is possible to argue that tokamaks can never be economical pure fusion devices.  Reference 6 introduced ‘conservative design rules’ for tokamaks.  These express well known limits on density, pressure, and current.  All tokamaks so far have been constrained by these.  Taken together, they argue that tokamaks cannot make it as pure fusion devices.  But a fission suppressed fusion hybrid tokamak can easily live within these conservative design rules.
There are several tasks for the tokamak scientific prototype.  First it must prove steady or high average power operation and achieve 20-50 MW of neutron power and achieve Q~1.  Second, it must demonstrate tritium self sufficiency, at least in the portion of the wall covered by a tritium breeding blanket.  Without tritium self sufficiency, no fusion scheme, pure or hybrid makes any sense.  Third it has to produce fissile material in appreciable, but not economically viable quantity.

However while tokamaks certainly have hurdles to get over before becoming a scientific prototype, it is likely fair to say that any other proposed device has greater hurdles to get over.  But tokamaks also have one additional very important advantage.  If the scientific prototype tokamak is built and is successful, it will finish up just about when ITER does.  The former will give crucial data for a CW Q~1 device, the latter data for a Q~10 pulsed device.  If both work well, we will have all the information we need to build a Q~10, CW, 1GW device, the commercial prototype.  
If successful, the commercial prototype will both produce nuclear fuel economically and serve as a model for other fission suppressed fusion hybrid fuel factories.  Based again on ITER and Large ITER costs (admittedly itself a moving target with large error bars), it is possible to estimate the fuel cost at ~1.5 - 3.5 cents per kilowatt hour of electrical energy.   By contrast, gasoline at a dollar per gallon costs 2.5 cents per kilowatt hour, and used to power electric generator would produce electric energy at 7.5 cents per kilowatt hour.  Thus the costs for the nuclear fuel appear to be economically viable.
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