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Presenter Notes
Presentation Notes
Fusion energy has been invoked for many many years as the answer to rapid space travel. Of course as the joke goes, the realization of commercial fusion is just 20 years away – and always will be.  In this talk I will try to make the case that it is actually possible to use nuclear fusion as the propulsive energy source in what I believe to be a practical way to employ fusion energy for space propulsion. I have dubbed the approach as the fusion driven rocket, or FDR for short. . It is based on solid experimental and theoretical work that I will  try to cover here. It would be impossible to make a. Convincing argument in just 15 minutes. But if this talk piques your interest, you will find a more thorough discussion in the paper and references. 
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Mission
 Complexity
 Asset Pre-deployment
 Space assembly

Operational costs:

Presenter Notes
Presentation Notes
Just like the commercial fusion witticism, one could argue that manned exploration of mars is just 20 years away and always will be.  This slide helps one understand why this is so. Essentially, it takes too long and costs too much. The drivers for these two related problems are indicated here. Because the projected times-scale for traversing the vast distance with conventional propulsion systems there is a considerable cancer risk from radiation exposure. There are other possibly less lethal concerns such as mental fatigue, bone and muscle loss, plus the increased risk of a critical failure due to the long durations. The high cost is driven by the tremendous complexity required with up to a dozen massive launches to adequately fuel provide the equipment and provisions needed for a successful mission. The solution to these problems are clear – a much shorter trip time requires high specific power as well as an appropriately high exhaust velocity or ISP if you like.



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

Estimated Total Equivalent Doses for a Mars Mission

Current technology 
(210 days)Mars sortie 

mission
(30 days stay) Nuclear thermal/electric

reactor (150 days) 

Fusion Driven 
Rocket (FDR)

(30 days)

Long stay at Mars
base (525 days)

Solid bars – calculation for spacecraft with a minimum shield (5 g/cm2 Al)
Dashed bars – calculations for a thick shield  (20 g/cm2 Al) 

J. Slough, "Spacecraft Scale Magnetospheric Protection from Galactic Cosmic 
Radiation," 2022 IEEE Aerospace Conference (AERO), Big Sky, MT, USA, 2022, pp. 1-19, 
doi: 10.1109/AERO53065.2022.9843210

Presenter Notes
Presentation Notes
This slide indicates in a graphic way, just how significant  the risk is for long duration missions such as the Mars mission for humans. It is believed that the fusion driven rocket can reduce  the transit duration enough to reduce the risk below the safety threshold set for such missions. By the way, I believe there is a method that could be used to ameliorate this problem with active magnetic shielding, and as an advertisement, I include the reference for the paper that I gave on this this topic at this conference a few years ago if you're interested.



Trip Time for Direct Mission to Mars
Accelerating the spaceship mass Mss over a time τ implies a power P where:

One defines a characteristic velocity vc:

   

where aP 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) requires αP >~ 0.4 
       For the 30 day Mars transit (L ~ 0.7 AU) requires αP >~ 2.5
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Presentation Notes
To show the importance of high specific power and high exhaust velocity. I present a quick and dirty scaling argument. Accelerating the spaceship mass over at time T requires a power given simply by the top expression assuming the characteristic exhaust velocity given by the second expression. And one can then define a specific power given by the 3rd expression, where the inverse is the specific mass. The total trip time to go a distance L then is given by the final equation. Which shows, unfortunately, the rather weak  dependence on the specific mass. The equation also indicates the need for high Isp if it is to match the characteristic velocity. The requirement for the specific power even for even the 90 day Mars transit is well beyond what can likely be accomplished by either conventional chemical propulsion systems of nuclear thermal or electric propulsion.



Virtually all fusion, radiation, plasma Energy DIRECTLY deposited into Lithium propellant 
Large external magnetic flux provides spacecraft protection from plasma and nuclear  process 
 Isolation and high-efficiency thermal conversion eliminates need for large radiator mass 
Solid propellant drastically reduces storage mass and reactive propellant leakage risk  
Pulsed operation provides variable power profile with high thrust at optimal Isp 

The Fusion Driven Rocket:
Propulsion through Direct Conversion of Nuclear Fusion  Energy

(a)

(b)

(c)

(d)

(e)

(f)

Presenter Notes
Presentation Notes
It is now time to give a description of what I mean by the fusion driven rocket. Here you see on the left an artist rendition of what the final spacecraft  would look like. You will have to wait for a more detailed description of the various elements until the end of the talk. On the right. Is a schematic of the processes that occur within the thruster. The  basics of how the rocket operates will be described in the next several viewgraphs. The key to achieving a high specific power is this scheme is that virtually all the fusion energy, plasma radiation as well as the plasma energy itself will be directly deposited into the lithium propellant. The lithium propellant starts out as large radius, very thin hoops, or bands if you will, that lie very close to the thruster wall and directly under conventional copper coils. These coils are external to the thruster and are activated to inductively drive the lithium bands Inward, both radially and axially, compressing a pre-existing plasma. The large magnetic flux inside the thruster from these external coils protects The thruster and spacecraft from both the plasma and the nuclear processes that will occur in that plasma, in other words, the nuclear fusion. The isolation provided by the magnetic field and the high efficiency of thermal conversion in the magnetic nozzle allow for the radiator mass to be considerably reduced. The solid propellant essentially eliminates tankage mass. Both help to further reduce the specific mass of the system. Pulsed operation provides for a way to have variable power without sacrificing thrust or ISP?



(a)

(b)

(c)

(d)

(e)

(f)

(a) FRC plasmoid generated inside the 
thruster by external RF antennas
(b) Plasmoid fueled radially by injecting  
frozen pellets of Deuterium and Tritium
(b)-(d) Bands of Lithium are inductively 
driven inward to high velocity by 
external magnetic coils
(c)-(d) the converging bands compress 
the plasmoid to fusion conditions
(d) the thick shell formed by the bands 
capture the fusion product energy as 
well as that of the plasma and radiation
(e) The immense energy release vaporizes and ionizes the Lithium shell creating a bolus of plasma 
at the central axis of a strong, divergent magnetic field created by the driver coils and nozzle coils.
(f) The lithium plasma thermal energy is efficiently converted to directional thrust and high Isp as 
it transits and expands out of the magnetic nozzle.

Steps Involved in the Process of Generating
the Fusion-Driven Propulsion System

Presenter Notes
Presentation Notes
I will now go over the steps involved in the process of generating the large fusion energy gain desired for the fusion driven rocket. First step, an FRC plasmoid is generated inside the thruster by external RF antennas. More will be said of this later. This plasmoid is now fueled radially by injecting frozen pellets of deuterium and tritium. This may sound a bit wild, but it is actually a common technique in tokamak fusion to refuel the plasma. The bands of lithium are now inductively driven inward to high velocity by the external magnetic coils. The converging bands compress the plasmoid to fusion conditions ending in step D. The thick shell formed by the bands now capture the fusion product energy as well as that of the plasma and radiation. The immense energy release, a factor of 300 times that input in to the FRC plasmoid, vaporizes and ionizes the lithium shell, creating a bolus of plasma at the center of the strong, divergent magnetic field that is created by both the driver coil and nozzle coils. The thermal energy of the lithium plasma is then efficiently converted into directional thrust and high ISP as it transits and expands out of the magnetic nozzle.



Step 1: Generation of an FRC plasmoid with 
an External RF Rotating Magnetic Field (RMF)
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Key Physics:
RMF frequency is such 
that the electrons are 
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but the ions, due to their 
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not, i.e. 
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Step one is the generation of the FRC plasmoid using an external RF frequency rotating magnetic field. I will go over this slide quickly as it's a somewhat complicated process, but basically it comes down to generating an internal rotating, transverse magnetic field generated by external saddle shaped coils as shown. This is done with a rotation frequency that lies between the ion cyclotron frequency and the electron cyclotron frequency. So in this way the electrons are magnetized to this field and rotate with it while the ions do not. Hence current. That current generates an internal magnetic field that when sufficiently large, reverses the magnetic field and forms a closed magnetic configuration  with a confined plasma that we call a Field Reversed Configuration or the FRC.



• DT Pellet fueling brings high-flux, low density RMF FRC to high density
• Pellet inward radial velocity is matched to that of the bands (~ 2 km/sec)
• Ablation thus occurs primarily at FRC null region ⇒ 

Step 2: DT Pellet Fueling During Band 
Compression of the FRC

Pellets are composed of frozen hydrogen isotopes (tritium and deuterium) 
and accelerated with light gases (H and He) to speeds up to 3 km/s 

DT pellets are injected at 6 ports about the midplane for azimuthal symmetry
Final FRC Inventory:

NDT ~ 2×1020 ⇒ (6) 1mm pellets   (same as original ISX-B experiment)

Presenter Notes
Presentation Notes
Step 2 is the pellet fueling during the band compression phase of the FRC. Deuterium and Tritium pellets are injected at six ports about the midplane for azimuthal symmetry. As you can see in the picture sequence, these re are eventually ionized and spread out to increase the density by over a factor of 10 from what the FRC started with. The ablation and ionization of the pellets occur primarily at the null region of the FRC which  limits both the particle loss and flux loss during the compression phase.
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3D ANSYS Explicit Dynamics® 
calculations of the convergent 
implosion of three metal bands

Step 3: Li Bands Inductively Driven to Compress
FRC Compressing to High Field (500 T) and Fusion Gain

Presenter Notes
Presentation Notes
The third step is the lithium band compression of the FRC to high magnetic field, which is expected to be in the range of 500 Tesla. This is to achieve the high fusion gain that requires the megabar pressures such a field produces.  A good amount of theoretical and experimental work has been done on this step. In other labs fields as high as 720 Tesla have been produced albeit at a smaller scale. What I am showing here is the ANSYSs explicit dynamic calculations for the 3D compression employing a set of three bands. While this code will produce the most accurate picture of what it should occur in the actual thruster as well as experiments, A 1D code was also constructed to accurately include the full interaction between the driver electronic circuits and the bands. Both codes agreed on the subsequent dynamics as will be seen in the next few slides.



Large scale metal band compression test bed 
for FDR validation experiments at University 
of Washington Plasma Dynamics Laboratory
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Experimental End-on 
images (left) and 
AEDS code results 
(right) for a 0.4 m 
radius, 0.16 kg 
aluminum band. 

Comparison of 
experimental 

results with both 
the 3D AEDS and 

1D numerical code 
predictions.

Experimental Validation of the Large-Scale
Band Compression Method 

Presenter Notes
Presentation Notes
The experimental validation of the inductive compression of the metal bands was carried out in the Plasma Dynamics Laboratory at the University of Washington in collaboration with MSNW staff. The experimental setup is shown in this rather busy slide on the lefthand side with the vacuum test chamber in the upper left and a Cad drawing  of the inside of the vacuum chamber in the lower left. The chamber was equipped with two driver coils and the ability to test  two Aluminum bands simultaneously for convergence tests . For taking the fast-framing camera shadow pictures on the right, however, only one band was driven radially inward for clarity as to the dynamics involved. The Aluminum band was vaporized even with reduced power. The windows were protected by a one-inch thick plate of polycarbonate so that pictures could be obtained without damage to the vacuum vessel. What is seen in the pictures is the compression sequence during the latter part of the collapse, as the aperture for experimental images from the end ports was limited to14 cm radius. It is clear though is that the experiment reproduced the same timing and velocity behavior as seen in the. ANSYS 3D explicit dynamics calculations. This is also reflected in the graph below the pictures. The 1D code prediction are also included on the same radius verses time plot as the ANSYS calculations and experiment with all agreeing. The buckling seen in the pictures was not unexpected as the initial band radius to thickness ratio is as large as 500. While this was not a major issue it is not desirable and can be avoided  by pleating the bands around the periphery at roughly the mode number so that the bands fold up into a uniform mass with no internal stresses. 
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Presenter Notes
Presentation Notes
The driver circuit parameters and design of the Li band driver system was then optimized by running a parametric analysis using the 1D code, that integrated the behavior of the driver circuits. It also incorporated 3D magnetic field effects, and band Joule heating. A summary of the various parameters assumed for the starting conditions and some key results from the 1D Li band code for the optimized design point for fusion gain can be found on the left of the slide. Plots of key parameters as a function of time can be found in the middle row with the righthand row being a blow-up of the final microseconds when the magic happens. From the summary the internal flux inside the band remains essentially constant during the band drive as well as the implosion indicating that the Lithium band is an excellent flux conserver on this timescale. The internal magnetic field confining and the FRC does not rise significantly until near the end of the compression at small radius. For the details of the fusion gain calculation, I refer you to the paper. The result is shown here in red. It can be seen that a high magnetic field and a long dwell time, which is roughly the outer radius of the band at peak compression divided by the band velocity, are essential. The expected gain is somewhere between 220 and 880 based on the details of the expansion physics and burn up fraction of tritium. A conservative value of 300 was assumed here and for the mission analysis. With this gain, the jet velocity with the expected conversion efficiency of around 90% would be 34 kilometers a second.
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Fusion Energy Conversion and Magnetic Nozzle Physics

Presenter Notes
Presentation Notes
Given the large fusion energy yield per pulse (~ 600 MJ) it is worth a brief description as to how the thermal energy released by the fusion event is translated into directed energy and in a manner that achieves high conversion efficiency. It is possible to simulate the plasma behavior in the divergent field of the magnetic nozzle as illustrated in the  time sequenced plots with the 2D resistive MHD code. Once the Lithium shell has been vaporized and sufficiently ionized, the calculation is initialized to be at a point early in the expansion phase of the plasma. At this time the plasma is assumed to have essentially no net axial velocity and is expanding outward in the divergent nozzle magnetic field at the characteristic thermal speed of the Lithium plasma ~ 30 km/sec. The fusion heated Lithium plasma initially expands out in all directions, but in the transverse direction to the magnetic field it must sweep the nozzle magnetic field along with it. The result is the plasma compresses the magnetic field as the field is also prohibited from penetrating through the electrically conductive thruster wall. This compressional work is accomplished by giving up plasma thermal energy. The transverse motion of the plasma rapidly decreases due to both this thermal energy loss and the increasing magnetic field back pressure. There is however no such deceleration parallel to the magnetic field. In fact, the opposite occurs. With the now much larger compression magnetic field near the wall, the axial force on the plasma is greatly increased by the enhanced radial component of this field, and thereby aiding the rapid conversion of thermal to axial plasma velocity. It is worth noting that it also has the benefit of creating a strong magnetic barrier to any plasma-wall interaction. The rapid conversion of plasma thermal energy to directional energy is attested by the plots of the plasma thermal energy and plasma axial velocity as a function of time found the gragh on the left. It can be seen that the conversion process starts before the plasma has expanded to the thruster wall. At roughly 40 microseconds  the plasma’s transverse motion has been halted and is in pressure balance with the compressed magnetic field. This represents the time when the external magnetic at the wall reaches its peak value of 3.5 T. While not a small field, it is well within the structural capability of many materials. The vacuum magnetic field needs to be no more than 10% of this field while still providing more than sufficient buffer distance at the wall during the plasma passage. The roughly 9% of unconverted thermal energy however does not have to be written off as a frozen flow loss. A large fraction can be recaptured into the energy storage system. It must have the ability for the wall current to flow into an auxiliary circuit and supply all the energy required to operate the fusion thruster. Again, I refer you to the paper for more details on how this would work



Mission Architecture Goals
 ~ 90- & 30-day transit time to and from 

Mars

 Single launch to Mars (< 150 t IMLEO)
 No pre-deployed assets
 > 50 t Mars Payload mass
 Propulsive Mars Orbit Insertion (MOI)
 Propulsive Earth Orbit Insertion (EOI)

 Reusable FDR spacecraft and habitat 
(MTV)

Manned Mars Mission Analysis

System Mass (t)

Mars Lander (MAV) 50

Crew/Consumables 2

Transit habitat (MTV) 15

FDR spacecraft 15

Total Dry Mass 82

Presenter Notes
Presentation Notes
Various Mars mission scenarios were examined based on the fusion conditions derived from the 1D analysis presented earlier and validated by past experiments with inductively driven bands and experimental results on RMF FRC formation and lifetime.  A list of the mission goals that were targeted to be attained by the Fusion Driven Rocket can be found in the Table on the left. The Copernicus orbit analysis software was used to determine the maximum Mars payload, assuming a limit of a 150 ton initial launch to LEO and a 30 ton return mass. Constrained by the ΔV budget of a 210-day round trip and a 50-day stay, it was found that a 50 ton Mars lander was the maximum Mars payload. This mass was deemed reasonable considering a full Mars orbit insertion using the main FDR engine, which would minimize the thermal protection structural mass of the entry, descent, and landing systems. The dry mass breakdown is shown in the Table on the right. Foremost was a payload mass large enough to carry the Mars Ascent/descent Vehicle (MAV). For this study the payload to Mars would be primarily a Mars Entry Vehicle of 50 t. This vehicle would consist of the entry, descent, and landing system, the surface habitat for the 50 day stay, and finally the ascent module to rendezvous with the orbiting FDR spacecraft for Earth return. It is worth noting that a Crew Exploration Vehicle (CEV) or Earth re-entry vehicle is not included in the mass budget. One of the mission assumptions was to have FDR as a reusable spacecraft. Therefore, the entire spacecraft will be in circular Earth orbit where a rendezvous with a CEV could be made. 



Maneuver ΔV
(km/s)

ΔT
(days)

Mi
(t)

Mf
(t)

Mp
(t)

TMI 7.6 4.5 225 180 45

MOI 13.8 6.0 180 120 60

TEI 16.2 2.6 68 42 26

EOI 11.8 1.2 42 30 12

TOTAL 49.4 14.3 --- --- 143

Mission Maneuvers with 
PMS Braking

Mission Maneuvers

Manned Mars Mission Analysis

Presenter Notes
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The final mission architecture, therefore, consisted of a Trans-Mars Injection maneuver with a ΔV of 7.6 km/s over a 4.5-day period. The spacecraft would then coast 60 days before performing a Mars Orbit Insertion burn to be captured into a Martian orbit. This burn would last a total of 6 days and use 60 t of propellant to achieve the ΔV of 13.8 km/s required. This would result in a total outbound trip time of 70.5 days. The 52 ton Mars DAV with crew and supplies would descend to the surface and remain on the surface of Mars for 50 days. The DAV would then ascend and rendezvous with the FDR spacecraft delivering the crew, but remain in Marian orbit to be used by future missions. The spacecraft, including the Mars Transit-habitat and the Fusion Driven Rocket, would leave orbit to return to Earth. The initial mass of the returning spacecraft to Earth would be 68 tons with a dry mass of 30 tons. The Trans-Earth Insertion (TEI) maneuver to escape the gravity of Mars and set a trajectory back to Earth requires a ΔV of 16.2 km/s, requiring 26 tons of propellant over 2.6 days. Again, the spacecraft coasts for 86 days before performing a final Earth orbit insertion maneuver to place the spacecraft back into its original circular 400 km orbit. With a burn time of 1.2 days, the total inbound transit time is 95 days, resulting in a total mission time of 210 days. It can be seen that the lithium fuel requirement exceeds the one launch criteria of 150 t. It actually makes more sense to bring the fuel up as a separate launch to keep it under the 150 t limit. It reduces risk and makes both launches considerably cheaper as the heavy lift is just fuel cargo. Ignoring for the moment that one should not assume more than one miracle at a time, there is a method for significantly reducing trip time and increasing payload with no significant changes to the spacecraft operation as already outlined. It invokes a aerobraking technique that does not suffer from the mass penalty that was seen for solid shields. It is referred to as the Plasma MagnetoShell. The concept is based on achieving sufficient drag from ambient atmosphere, but at much higher altitude using a large-scale magnetized plasma “parachute” tethered to the spacecraft. Experiments at MSNW funded by the NIAC program have demonstrated the feasibility of this concept for just this kind of rapid, high delta V braking required for MOI and EOI. Given the many unknowns and substantial challenges to successfully develop the FDR, the Plasma MagnetoShell looks to be a “gimmie” in comparison. A reference to this work can be found in the paper.  Also, an ultrafast 90 day mission with a 22 day stay is also described in the paper. 



Fusion Driven Rocket to Mars 

Presenter Notes
Presentation Notes
I’ll finish by showing a little movie that we made back a few years ago after completing the initial design of the FDR. The concept has been improved and the mission analysis has been updated quite a bit since then, but it still gives a fair representation of the essential elements of the fusion driven rocket concept.
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