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Manned Spacecraft Propulsion through 
Direct Conversion of Nuclear Energy

Presenter Notes
Presentation Notes
In this talk I will be describing what I think most people would consider to be a somewhat of a radical, and possibly crazy notion. I will be discussing the use of fissile materials such as Uranium 235 and Plutonium 239 to directly heat melt, vaporize and ionize a solid lithium propellent. This is not a bomb scheme like project Orion. The fissile  fuel  employed is at a much smaller quantity than one would use for either an explosive or a thermal reactor for that matter. The idea here is to achieve a high ISP as well as a high specific power adequate enough to have a manned spacecraft travel to distant planets in an efficient and cost-effective manner. This has not been accomplished up to now for many reasons which will also be discussed. The main purpose here is to show how a reasonable, scientifically validated  approach to using fissile material can lead to a breakthrough in space propulsion. 
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Presentation Notes
Fission-based power sources have been used in space as early as the Voyager missions. However, the use of nuclear power for manned space exploration has yet to be accomplished. Reactor-based (thermal or electric) propulsion efforts have been stymied by enormous launch costs and extremely long mission times, which endanger the health of the astronauts, and increase the risk of failure due to the need for complex space rendezvous and assembly. Long and complicated missions increase mission and human health risks dramatically. Also, having missions that go beyond a presidential term in office risks a lack of governmental support, as well as public interest and tolerance for the increased cost. The solution is a propulsion method that can dramatically shorten the trip time as well as reduce the amount of mass, and thus cost, required to be launched into space. These requirements can be met with a compact, high efficiency, single-launch spacecraft such as that projected for the Fission-Powered Pulsed Plasma Propulsion concept (F4P) to be discussed here.



Accelerating the space ship mass Mss over a time τ implies a 
power P where:

One defines a characteristic velocity vc: 

where αP is the specific power:  
with αM the specific mass. 
The the trip time, τtrip, to go a distance L is

For the 90 day Mars transit (L ~ 1.5 AU) ⇒ αP >~ 0.4 kW/kg 
For the 30 day Mars transit (L ~ 0.7 AU) ⇒ αP >~ 2.5 kW/kg 
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Trip Time for Direct Mission to Mars

FP4: .25 < αP < 3
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In order to cut trip time for a direct mission to Mars, it is worth considering what governs the time it takes to travel directly to Mars. Accelerating the spaceship of mass M over a time Tau implies a power given by the formula shown where one travels at a characteristic velocity that depends on alpha where alpha is the specific power which is the jet power divided by the spacecraft mass. It is also the inverse of the specific mass if you prefer that unit of measure. Using these simple approximations, the trip time to go a distance L can be expressed by the formula shown above in terms of the specific mass and the distance of the trip. As you can see, the dependence of trip time to cover a fixed distance is only weakly dependent on the specific mass. The trip time can only be made better by a dramatic reduction in the specific mass as it scales very weakly on this variable to the one third power.  The very favorable trip scenario shown in the figure is for a 90 day transit to and from Mars, where each transit length is roughly about 1 1/2 astronomical units, that is the distance from the Earth to the sun. This mission would require a specific power greater than 400 Watts/kg. If one considers an even shorter time of 30 days for the Mars transit, while it does shorten the trip distance because of the higher velocity required for the spacecraft and can therefor catch up to Mars more quickly, it requires a specific power greater than 2.5 kW/kg. It is believed that with Fission-Powered Pulsed Plasma Propulsion these target specific powers can be achieved. 



Crew Vehicle Mass as a Function of Round-trip Mission Duration
Short-stay, 60 days at Mars, Opposition-class Missions

Presenter Notes
Presentation Notes
The total mass for the Mars mission is dependent on many factors, the primary ones being mission duration, length of stay, and type of propulsion employed. These are nicely summed up in this figure taken from the NASA DRA-5 Addendum #2. It is evident from this analysis that long duration missions using either thermal or nuclear-electric propulsion can reduce the total mass in LEO to something that is less than the entire space station. It is also evident that these missions will be of long duration and will thus require the most protection from Galactic Cosmic Radiation as this is the greatest threat to the health of astronauts on long duration missions.
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With propellant storage and reactor mass being significant issues, only minor reductions in trip time and in-space mass and assembly are predicted. As an example of the huge amount of material required when employing either nuclear electric or nuclear thermal propulsion, I show you a slide for the precursor cargo missions required to bring up enough material into space and for the follow-on crewed mission. You can see that this results in a very complicated and a very costly, time-consuming undertaking. While nuclear electric can achieve the much higher Isp desired as Electric Plasma thrusters can be employed, the low conversion efficiency of the reactor as well middling efficiency of high-power EP thrusters creates a massive heat rejection problem as attested to by the large arrays required to shed the heat.  



 The career limit is 400 mSv for a 25 year old for a 3% risk of fatal cancer 

 There is uncertainty as to what is the actual risk of long-term, low-level exposure
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As a consequence of these very long trip times,  the exposure of the astronauts to galactic cosmic radiation, or GCR Is very significant. In fact,  it can be a showstopper for manned interplanetary space travel due to the higher risk for GCR-induced cancers. Only for short duration missions, the ones predicted for the fission powered pulse plasma propulsion scheme allow for the avoidance of significant radiation damage to human tissue. 



Determining the Optimal Mars Mission 
Opposition-class
• short surface stay at Mars typically 30 to 90 

days
• relatively short total round-trip mission times 

• 500 to 650 days

Conjunction-class 
• long-duration surface stay times - 500 days or more 
• long total round-trip times approximately 900 days 
• minimum-energy solutions for a given launch

Both options are well outside the current permissible exposure limit of radiation

Attributes that would comprise the ideal nuclear propulsion system. 
(1) all nuclear energy is released into the propellant, no need for conversion to electricity.

(2) The propellant requires no significant tankage mass by being a solid 

(3) the propellant is rapidly heated and accelerated to optimal exhaust velocity > 20 km/s 

(4) no significant physical interaction with the spacecraft thereby limiting thermal heat 
load, spacecraft damage, and radiator mass.
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Si it is abundantly clear that the optimal Mars mission will not be a chemical-based or solar electric propulsion system, and a nuclear based system must do better than the current nuclear thermal and nuclear electric systems to avoid being put off as before due to time and cost . As an analysis tool it is useful to consider what attributes would comprise the ideal nuclear propulsion system. Such a system would satisfy the following criteria: 
(1) all the nuclear energy is released into the propellant, not requiring conversion to electricity.
(2) The propellant requires no significant tankage mass by being a solid, and where 
(3) the propellant is rapidly heated and accelerated to optimal exhaust velocity (> 20 km/s), with
(4) no significant physical interaction with the spacecraft thereby limiting thermal heat load, spacecraft damage, and radiator mass.
Such a system would drastically reduce the mass needed in LEO as well as operate at the highest alpha. It is also clear that nuclear electric fails on criteria 1 and 2 primarily due to the thermal radiator mass penalty due to the reactor and thruster inefficiencies. Other issues besides the tankage for a gaseous propellant is the lack of thrusters in the megawatt class that don’t have significant wall erosion issues (criterion 3). Nuclear thermal fails on 2, 3 and 4. The Isp for even the light gases (H and He) is too low and creates serious tankage mass issues as well. There are also the problems associated with contact of the propellant and the heat exchanger walls (embrittlement and corrosion). It is time now to describe the solution that satisfies these criteria.
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Fission-Powered Pulsed Plasma Propulsion (F4P)
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As mentioned, fission-based power sources have been used in space as early as the Voyager missions. Here, the immense energy of the nuclear reaction is to be harnessed in a more direct and powerful way to propel a large manned spacecraft. The Fission Powered Pulsed Plasma Propulsion concept or F4P seeks to tap the tremendous energy gain from a nuclear fuel such as Uranium or Plutonium directly into the propellant, which would most likely will be Lithium metal. The process that will be used to perform this task has been evaluated through analytical and numerical modelling in both 1D and 3D calculations and is discussed in detail in the paper. At the bottom of this figure the process by which the F4P produces the large jet power required for rapid manned space travel is illustrated as a series of several distinct stages which will now be discussed in detail. 
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Schematic of the Key Operational Steps for Fission-Powered 
Pulsed Plasma Propulsion (F4P) Thruster
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The process for the F4P space-based propulsion system proceed in the five stages shown here as follows: Three large-radius Lithium metal hoops (a.k.a. liners) are sequentially drifted into the chamber along the axis of symmetry until they are positioned directly underneath the fast electromagnetic coils as illustrated in the upper lefthand corner. Stage (1): These hoops (or liners), are then rapidly driven radially and axially inward by magnetic compression from highly-coupled, pulsed electromagnetic coils. At the same time, a very small amount, perhaps a few grams of fissile material, either Uranium 235 or Plutonium 239 has been previously positioned inside a Beryllium cylinder as envisioned in the blowup in the lower lefthand corner. This small capsule is injected on-axis into the thruster chamber as depicted. The Beryllium cylinder has three roles to play. First it acts as a sabot, then as a containment vessel, and finally as a fission neutron reflector for enhanced fission gain. The nuclear fuel is in the form of a coil filament and is attached at each end to the Be sabot forming a closed loop electrically. Unlike the illustration, the fuel form would be more of a pancake coil like a Bitter magnet to better fill the space and increase the fissile mass inside the sabot. Stage (2): The Lithium shells rapidly converge on the intersection point with the nuclear fuel. As they collapse inward radially and axially they continually thicken to finally form an impenetrable blanket several centimeters thick. The kg mass Lithium shell having attained a terminal velocity of ~3 km/sec rapidly compresses the leakage magnetic flux inside the shell surrounding the sabot which in turn compresses the sabot and nuclear fuel. Stage 3: The large radial magnetic gradient across the sabot and fuel induces a huge current flow first in the Beryllium shell and then in the fissile fuel. Plutonium and Uranium both possess a high resistivity so that the fuel rapidly melts and then vaporizes. The gas becomes partially ionized due to the large electric fields associated with the enormous dB/dt now experienced by the fuel. The Beryllium shell  initially confines this ionized nuclear gas as it has a much lower resistivity and a higher melting point. Stage 4: The Lithium shell at this point has also been vaporized and ionized as it has a much lower boiling point and is easily ionized. The picture for the fuel and Lithium propellant is now one of an ionized gas being compressed by multi-megabar magnetic fields. It is worth recalling at this point a few key nuclear fission concepts such as critical mass. This is the mass of fissile material at STP required to sustain the fission reaction indefinitely. For masses higher than the critical mass, the chain reaction becomes a runaway, and if the mass is kept confined during this process, it is a bomb. This is of course not quite what we are after here. The idea here is to turn the fissile mass into at least a partially ionized gas and compress it to much a higher density, thereby considerably reducing the fissile mass required to obtain large energy gains. With nuclear reactivity scaling as the density squared, the compression of the nuclear plasma results in a large and rapid increase in the release of nuclear energy. The compressed density is now a factor of 11 times greater. The critical radius is thus smaller by the same amount, or less than a centimeter, and the critical mass is reduced by the square of this ratio, i.e., a factor of 125 or just 80 grams. The potential fission energy generated for even this small amount would be over 6,000 GJ! Clearly significantly less fissile material will suffice. A yield of at least 100 MJ per pulse is desired to provide the target jet power range of 10-30 MW, with a rep rate of several seconds. In order to limit the reactions to a tiny fractional “burn” of the fissile material, the amount of fissile fuel can be reduced by a factor of 20 or more. At 4 grams and a fractional burn of just three hundredths of a percent would yield 100 MJ of fission energy. Virtually all of the energy released (plasma thermal, radiant, shell-ohmic, and fission-fragment) is absorbed by the Lithium shell which is subsequently vaporized and ionized. Stage (4): Recall that it is this Li plasma that acts as the propellant in this scheme as its bulk mass is orders larger than that of the fission fuel. Lithium is very advantageous as a propellant as it is a malleable solid for easy onboard storage. It has a very low atomic mass, and as an alkali metal, it is easily vaporized and ionized. Stage (5): The large external region filled with a divergent magnetic flux by the thruster coils now acts as a barrier and magnetic nozzle, which protects the spacecraft while expelling the Lithium and nuclear plasma. In this manner, both high exhaust velocity and thrust are achieved with only minor interaction with the spacecraft. The flux compression of the vacuum magnetic field by the expanding plasma plume generates a large back-emf on the thruster coils. This allows for a rapid recharging of the thruster capacitors [7,8]. With this system, the F4P could potentially be self-powered requiring no electrical input from the spacecraft solar panels.



CAD drawing of IDL showing the collapsing 
Al  liners under the external driver coils. 

Green Garolite vacuum wall insulates liners 
from driver coils 

Inductively Driven Liner Validation Experiment at MSNW 

Picture of the IDL validation experiment 
Used in the testing at U. of Wash..

Experimental Research
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The implosion of magnetically driven thin metal hoops (liners) to achieve extremely high magnetic fields and thus extremely high compressional pressures on electrically conducting targets has a long history. It was first accomplished in the groundbreaking experiments performed by Cnare in the early 1960s. Using this technique in experiments at MSNW, peak magnetic fields as large as 200 T were achieved with excellent symmetry and quality employing only a 540 kJ capacitor bank. More critically, it has been performed at the scale required for the full scale F4P. 



Experimental Results
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It can be seen that there is very good agreement with the modelling. In order to carry out these tests, the device was operated at one quarter power (170 kJ capacitor bank energy) to prevent post implosion damage. A vacuum environment was essential to avoid generating shock wave and drag as these liners propagated inward radially. Even at ¼ power, the peak magnetic field reached over 200 T with a magnetic pressure PB = 0.16 megabar (2.4 million psi). The Aluminum liners melted and vaporized. Remarkably, there was no visible damage or Aluminum deposit on the outer Garolite vacuum wall. The Aluminum vapor jetted out along the system axis and terminated on 1 inch thick 12-inch square plates of polycarbonate, which showed considerable visible damage. The radial implosion must be highly inelastic and the evacuation of the Al vapor appeared to be guided by the axial magnetic field acting like a shaped charge. The high energy liners were rapidly heated and melted by Ohmic currents flowing in the liner. The time is limited here, but the key results from these experiments are summarized in the paper.
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 Three 0.4 m radius, 5 cm wide, 0.2 mm 
thick Aluminum liners converging onto a 
stationary test target.

  The scale of the ellipsoid target (1×3.5 
cm) is that anticipated for the final FRC 
compressed to over 1 megabar  (1011 Pa) 
energy density

 Aluminum  rings quickly yield to the 
pressure equivalent of a 7 T magnetic field 
(~ 6 Mpa). 

 A high order buckling is observed later 
during  implosion but does not inhibit 
convergence  where vL ~ 2.4 km/sec

Optimization of the implosion geometry employing 
the 3D ANSYS Explicit Dynamics Solver (AEDS)

Liner behavior very close to ideal 1D approx. assumed in analysis

(a) End-on CAD drawing of an 
aluminum pleated liner with 180 
folds dimensioned for the megabar 
experiment (r= 40 cm,  = 0.2 mm). 
(b) Pleated liner collapsed to inner 
fold contact point. dashed line is 
minimum radius at peak 
compression 
(c) three liner assembly
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The AEDS was used to characterize the liner dynamics in 3D. These calculations were carried out with the same material, dimensions and magnetic pressure time history as the liners employed in the experiments. The near identical results validate the use of the AEDS code for accurately predicting liner dynamics in designing future liner implosion systems. A 3D solver is necessary to analyze and test desired liner properties such as liner stability, convergence, both radial and axial, as well as internal stresses and buckling. The buckling seen both experimentally and in the AEDS simulations are expected due to the extremely large ratio of liner diameter to thickness (4,000!). As this ratio increases the mode number of buckles increases. It is best not to leave the potential buckling to underlying imperfections or lack of azimuthal symmetry when it would be only slightly more effort to form the liners with the locations for folding preset. This “pleating” will assure a symmetric folding as the liners converge radially inward with the added bonus of minimal internal stress buildup. 
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Mars 210 day Round-trip Mission (Details)
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Shown here is the ΔV budget and spacecraft initial and final mass parameters for a 210-day round trip manned Mars mission taking into account all phases of the mission. This breaks down to roughly 80 days to get to Mars, a 30 day stay and a 100 day return. The Copernicus software was employed to develop the mission architecture starting around a single 134 metric ton launch to LEO. Again, due to time constraints, one can find further mission details in the paper.   
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The F4P propulsion system has many components and a certain degree of complexity. This is due primarily to the fact that it is a three-element hybrid of a solar electric powered propulsion, electromagnetic plasma propulsion system, and a nuclear thermal system for propellant heating. Just to add another layer of complexity, it is a pulsed hybrid system to boot. I thought it  would be useful to have a power/energy flow diagram that Indicates how the whole thing comes together.  This is it. As a point design the 200 kW of solar power is stored in the pulse capacitors and discharged roughly every 12 seconds. Of the 5 megajoules of stored, half shows up as liner kinetic energy ang the remaining magnetic energy is returned to the capacitors as part of the oscillating driver circuit.  The collapsing liners compress the nuclear fuel releasing over 500 megajoules of energy into the lithium liner/propellant producing a hot plasma whose thermal energy is converted to directed energy by expansion into the thruster magnetic nozzle. Thermal radiation, ionization, and other frozen flow  losses reduce the directed energy to 441 megajoule which with a rep rate 0f 12 seconds  produce a jet power of 36 Megawatts. 



F4P Spacecraft Layout 
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Schematic showing key elements and dimensions   CAD rendering 
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This slide outlines the F4P spacecraft with a schematic on the left, and a CAD rendering of the full spacecraft on the right. A saddle truss was employed to facilitate refueling and reuse of the F4P spacecraft. It also provides for the option of a propellant or equipment drop for an even faster 90 day round trip Marian mission (30 day transit with a 30 day stay). This mission would likely require fuel pre-deployment at Mars. The component design was carried out mindful of the diameter limits of future planned payload fairings. More details of the spacecraft design can be found in the paper.



Spacecraft Component Mass (mt)
Spacecraft structure1 2.7
Nuclear Materials and Delivery2 1.2
Energy storage3 1.7
Liner driver coils4 0.3
Pulse Electronics and cables5 0.8
Solar Panels6 2.0
Lithium containment vessel 0.1
Propellant Feed mechanism 0.7
Thermal Management 1.1
Magnetic Nozzle 0.4

Spacecraft Mass 11
Crew habitat (DRA5.0) 33
Lithium Compound Propellant 56
Space Exploration Vehicle Mass 7
SUBTOTAL 107
Margin (25% of subtotal) 27

Total Mass 134

F4P Mass Budget

Payload mass fraction 46%

1. Fairings, support structure, communication, data handling ACS, Batteries

2. Hardware responsible for injection of Fission material (U-235 or P-239)

3. Capacitors (1.8 MJ @ 1 kJ/KG), switches, power bus

4. Electromagnetic coil used to drive inductive liner 

5. Pulsed power electronic components needed to control capacitor bank

6. 180 kW @ 200 W/kg (at Mars)

Switches and cables equal to energy 
storage mass

Simple aluminum coil, but most likely 
composites with We, Be, or Cu liners

Thermal control, 10% heat rejection 
@ 1 kW/kg with a margin of 3X

Propellant Feed – roll of film – ring 
formation and injection
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The F4P Rocket mass budget is shown here. It is comprised of the main liner compression coils as well as coils to create a divergent magnetic field at the exit. The mass of these coils is estimated at 0.4 metric tons. A thermal management system will most likely consist of a working fluid that will be pumped through the high heat flux components such as magnetic coils and power electronics. The fluid will be radiated through space radiator panels. The two major spacecraft components relate to the lithium propellant. Since lithium is a solid at room temperature, a low mass propellant storage system can be employed with a minimal tank mass fraction. The propellant feed mechanism on the other hand will require more mass. It is assumed that the liner material will be completely fabricated to the required specification on earth and then loaded on to a roll. These rolls would then be used to form the liner hoops. The liners are guided mechanically and injected electromagnetically at low velocity into position under the driver coils prior to driver coil activation. Another important aspect of the support structure is a shock absorbing system that interfaces the F4P with the spacecraft structure. The total mass for the spacecraft structure is therefore given the largest mass budget of any subcomponent. More details, again, can be found in the paper.



Fission-Powered Pulsed Plasma Propulsion (FP4) 

KEY METRICS Chemical Nucl. Thermal FP4

Number of Launches 12 9 1

Initial Mass in LEO (MT) 1,252 849 134

Mission Time (days) 914 914 210

Mission Study 
Comparison:

3D ANSYS®

calculation 

Experiment

t (us) =  400          410           420           430            440          450            460           470

UW/MSNW 
demonstration of 
large-scale liner 

implosion

30 day
stay

100 day 
return

80 days 
to Mars

Simple, One Step Process to produce high Thrust & Isp: 
Magnetically imploded cylindrical metal liners converge on fissile target 
to create fission gain conditions. Liners absorb fission products and are 
rapidly vaporized, ionized and ejected through magnetic nozzle.
• 200 kW Solar x 200 (Fission Gain) = 36 MW Jet Power
• Major reduction in trip time and propellant mass
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In summary then, Fission-Powered Pulsed Plasma Propulsion (F4P) has been elucidated, and the key subsystems described and evaluated for feasibility. If successful, the most significant application for the proposed F4P concept would be to make routine; exploratory deep-space missions with a rapid Mars mission as the logical first step. The mission architecture and spacecraft design for a single launch, a 210-day manned Mars mission has been analyzed for a fission-based spacecraft. Trip times as short as 30 to 90 days were envisioned with payload mass fractions of 36-65%. The experimental and theoretical results from research at MSNW and others have validated the metal hoop compression process needed to produce the desired nuclear energy gain. The major unknown to be resolved is the functional dependence of the fission energy yield on the several key parameters of the compression process. This must be fully understood and tested to prove the viability of the F4P concept. 
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