














Peter
Sticky Note
In the past twenty years, progress in the creation and development of fusion power has been considerable, so the present annotations attempt to begin an upgrade of the earlier standards document. In particular, much more attention is needed to validating claims for fusion propulsion concepts in regard to matters of neutron and thermal management. Furthermore, in some instances, fusion enthusiasts focus on the ability of their scheme to generate the basis for high speed flow, neglecting to consider the specific powers and thrust times needed to employ such speeds. The standards document needs to provide guidance to temper such enthusiasms so that proper conceptual designs for fusion propulsion are generated.

Peter
Sticky Note
As previously noted, the standards document needs to speak not just to ""technically experienced senior engineers ..." in terms of spacecraft operations (e.g., Isp, specific power, etc.), but should provide an adequate discussion of fusion engineering issues that such engineers and the fusion propulsion proponents must address.

Peter
Sticky Note
Clearly, this brief account of the prospects for fusion propulsion needs to be upgraded (even if the present situation for space nuclear propulsion of any kind remains uncertain again).

Peter
Sticky Note
It would be appropriate to offer the basis for comparisons of fusion propulsion concepts with other technologies in order to identify which improvements are uniquely offered by fusion propulsion. For example, in some cases, the overall specific power may be dominated by subsystems that are not directly related to fusion, but are present with some fission systems (e.g., mass of power conversion from heat to electricity). The gain with fusion may be operation in an open thermodynamic cycle vs a closed-cycle in NEP.



Peter
Sticky Note
This is one example of where claimed efficiencies for one scheme might equally well improve the performance of other propulsion concepts, otherwise leading to unfair comparisons. Quantification of some technologies, e.g., so-called magnetic nozzles, may be more than proponents may wish to perform, but can be essential, especially if the payload mass fraction is low for the available specific power and Isp.



Peter
Sticky Note
The standards document would need to expand considerations to the several challenges of controlled fusion and associated technologies..

Peter
Sticky Note
Fusion-based systems tend to be much larger than we would have desired when the full system is addressed. For example, while fusion may intrinsically offer higher energy density than fission, the surrounding technology can be very substantial (e.g., laser system compared to size of fusion pellet). This may be consistent with very large spacecraft for piloted/crewed missions, but not attractive for robotic missions, especially if folks back on Earth are willing to wait many years (e.g., >10 years) for scientific results. Claims of compactness for some fusion concepts may apply for the fusion plasma itself, but not extend to such things as the supporting capacitor banks.



Peter
Sticky Note
As previously mentioned, the size of a fusion system may be too large to justify its use with a modest robotic payload, but appropriate for a piloted/crewed mission.
For the latter, the necessity of substantial radiation shielding and significant artificial gravity needs to be worked properly with quantitative attention to best estimates for crew health. The resulting mass may be consistent with values for fusion technology, but can represent quite a large spacecraft for assembly in space.

Peter
Sticky Note
It would be useful to specify values for design of the crew section. For example, require a mass-thickness surrounding the living space that is equivalent to the shielding of the earth's atmosphere above airliner altitudes. In this way, all concepts would be subject to the same design constraints for piloted/crewed missions.

Peter
Sticky Note
This section in the original document includes some mention of elements of fusion technology, and perhaps is the right place to introduce a more thorough discussion. In particular, the challenges of the fusion reactor cycle - which had its early embodiment with the Lawson criterion - might be considered here. This would include the relation of the necessary nuclear gain to run the propulsion system and its effect on the system size and mass. 
Limitations involving neutron irradiation and damage could be introduced here. 
This may also be the place to introduce the several elements of general fusion systems based on magnetic  vs inertial confinement and pulsed vs steady-state operation. (An earlier description of these elements may be necessary.)

Peter
Sticky Note
For missions within the Solar System, the delta-v's and specific powers may offer optimum values of exhaust speed well below values associated with speeds in the fusion plasma, indicating that the actual propellant could be higher atomic weight, e.g., lithium. The need for in-situ harvesting of fusion fuels (D, He3) may then not be warranted. If most of the propellant mass is lithium, this can significantly affect various estimates of infrastructure (e.g., tankage mass for a solid vs cryogenic propellant).



Peter
Sticky Note
After twenty years, there has been significant advancement of high temperature superconductors, so the preceding remarks can be upgraded. That said, there are also data (recently generated) indicating susceptibilities of HTSC materials to neutron damage (at levels of a few milli-displacements per atom).



Peter
Sticky Note
In some cases, proposed fusion rocket concepts are inherently challenged by direct and proximate exposure of critical elements (e.g., insulators, optics) to damage by high-energy neutrons, blast, and conductor deterioration. These challenges go beyond particular scientific results in peer-reviewed literature and must be addressed.



Peter
Sticky Note
It appears from the preceding paragraph that the primary purpose of the standards document was to allow ready comparison of different design concepts for fusion propulsion. This presumes that the proposers would adhere to the requirements laid out in a standards document. We might hope that this document could serve as a tool for due-diligence on the part of advisors to venture capitalists and government agencies by calling out the full set of challenges that a fusion rocket concept must address in its proposal.

Peter
Sticky Note
Mass is not simply the only criterion for fusion rocket performance. One can imagine a proposed concept offering estimates of masses derived, for example, from mechanical stress levels. But the proposal could be silent on the lifetime of components based on neutron and plasma radiation levels, so the thrust  time required by the mission would not be accomplished. An upgrade of the recommended table to account for all the issues of a fusion rocket is needed.

Peter
Sticky Note
One might suppose that inadequate estimates of the masses required for the structures needed to support the fusion system would constitute a failure to satisfy the standards document.







Peter
Sticky Note
An interesting element here is the need for starting the fusion reactor cycle. For some concepts, the basic cycle arithmetic may be valid once the fusion system is operating and recirculating power back to continue the cycle. The initial energy, however, to start the cycle may require subsystems (e.g., capacitor banks) that must accompany the spacecraft on its journey, adding to the initial mass and contributing to the payload mass..

Peter
Sticky Note
The contingencies for weight-growth during design are reasonably straightforward (albeit perhaps arbitrary). Recovery from other factors, e.g., accidental loss of the fusion plasma ("Houston, we have a problem."), may also incur additional mass for a spacecraft far from Earth.



Peter
Sticky Note
While optimization of the exhaust speed can be attempted analytically in terms of delta-v, specific power and thrust times, often the regime for such calculation offers broad maxima, so the selection of exhaust speed depends on other factors of the overall design.

Peter
Sticky Note
Note that this discussion depends on the earlier descriptions of the elements of a fusion system in magnetic, inertial or other forms. Such description is missing in the original document.

Peter
Sticky Note
The preceding paragraph echoes the earlier remark about the need to describe and quantify the fusion reactor cycle. If this is done in terms of the nuclear gain Q relative to the plasma energy, the effect of plasma performance on Q can then show up in terms of the spacecraft size and mass (which may scale as Q cubed in some cases).





Peter
Sticky Note
One facet of the above considerations is the need to deal with heat generated at different temperatures. Some schemes allow high temperature values that help with radiator mass for heat rejection; other parts of the system, however, may not operate at such high temperatures.



Peter
Sticky Note
The relation of specific thrust power or specific jet power to the specific power of the subsystems occurs through the various efficiencies and the fractions of the total power that each must handle. The usual reason for employing the mass per power (with the somewhat strange designation of 'specific mass') is the felicity of the arithmetic, i.e., simply adding specific masses.

Peter
Sticky Note
Wise words.

Peter
Sticky Note
Obvious upgrades needed with new data, results and ideas.










