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Summary

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

The future of manned space exploration and development of space depends critically on the
creation of a dramaticallgnore proficient propulsion architecture for igpace transportation. A
very persuasive reason for investigating the applicability of nuclear power in rockets is the vast
energy density gain of nuclear fuel when compared to chemical combustion energnt Curre
nuclearfusion efforts have focused on the generation of electric grid power and are wholly
inappropriate for space transportation as the application of a reactor baseefesioa system
creates a colossal mass and heat rejection problem for apptieation. The Fusion Driven
rocket (FDR) represents a revolutionary approach to fysiopulsion where the power source
releases its energy directly into the propellant, not requiring conversion to electrieityploys
a solid lithium propellant thiarequires no significant tankage ma3&e propellant is rapidly
heated and accelerated to high exhaust vel¢ei0 km/s), while having no significant physical
interaction with the spacecraft thereby avoiding damage to the rocket and limiting both the
thermal heat load and radiator mdssaddition,it is believed that the FDR can be realizeith
little extrapolation from currently existing technology, at high specific power (~ 1 k\\dkg)
reasonablenassscale (<100 i), andthereforecost If redized, it would notonly enable manned
interplanetary space travel, it would allovtatbecome common place.

The key to achieving all this stems framsearchat MSNW on the magnetically driven
implosion of metal foils onto a magnetized plasma targebtain fusion conditions. A logical
extension of this work leads to a method that utilizes these metal @relilsers)to not only
achieve fusion conditions, but to serve as the propellant asSeekralow-mass, magnetically
driven metalliners are inductively driven to converge radially and axiabyd form a thick
blanket surrounding the target plasmoid and compress the plasmoid to fusion conditions.
Virtually all of the radiant, neutron and particle energy from the plasma is absorkibé by
encapslating, metal blanket thereby isolating the spacecraft from the fusion process and
eliminating the need for large radiator mass. This energy, in addition to the intense Ohmic
heating at peak magnetic field compression, is adequate to vaporize andhienmizetal blanket.

The expansion of this hot, ionized metal propellant throughagnetically insulatedhozzle
produ@s high thrust at the optimal Isp. The energy from the fusion process, is thus utilized at
very high efficiency

During phase |He metal fd convergence and compression physics has been analyzed
analyticallyas well asmodeled in 3D with the ANSYS Multiphysiésode. These resultgere
used to extend modeling to the ongoiRD resistiveMagnettydrodynamic analysis of the
fusion plasma compression. Timiial determination of theptimum compression methodology,
mateials, and fuels to achieve required fusion power and specific magarfous missionfias
beenperformed anda systemdevel modelalong withthe initial propulsion system desigmas
beencarriedout and igpresented as well

A range of both manned and unmanned missiwas consideredor which this fusion
propulsion system would be enabling or critiddanned mission architecture to Maisilar to
the NASA Design Reference Mission (DRM) 3vas consideredsapart ofa mssionanalyss
for two missiondesigis - a 90and 30 dayrip to/from Marswith a discussion of the selts for
various fusion gainkr the FDR.



Expanding on theeresults from the phasethe phase lleffort will focus on achieving three
key criteria for the Fusion Driven Rocket to move forward for technological develop(gnt:
the physics of the FDR must be fully understood and validated, (2) the design and technology
development for the HR required for its implementation in space must be fully characterized,
and (3) an irdepth analysis of the rocket design and spacecraft integration as well as mission
architectures enabled by the FDR need to be performéfilling these three elementerin the
major tasks to be completedtime Phasdl study. A subscale, laboratory liner compression test
facility will be assembled with sufficient liner kinetic energy (~ 0.5 MJ) to reach fugadm
conditions. Initial studies of liner coaxgence will be followed by validation tests of liner
compression of a magnetized plasma to fusion conditions. A complete characterization of both
the FDR and spacecraft will be performed avitl include conceptual descriptions, drawings
costing and TRLassessment of all subsysterfibe Mission Design Architecture analysis will
examinea widerange of mission architecturesd destinatiorior which this fusion propulsion
system would be enabling or critical
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2. Introduction

The future of manned space exploration and development of space depends critically on the
creation of a dramatically more proficient propulsion system f@pace transportation. This has
been recognized for many ysaA very persuasive reason for investigating the applicability of
nuclear power in rockets is the vast energy density gain of nuclear fuel when compared to
chemical combustion energy. The combustion of hydrogen and oxygen has an energy release of
13 MJ/kg, whereas the fission 6f°U yields approximately 8 x I0MJ/kg and the fusion of
deuterium and tritium has a 3.6 x*1M0J/kg yield. So far, the use of fission energy represents the
nearest term application of nuclear power for propulsion. Several rfigsased propulsion
schemes have been proposed fespace transportation, including pulsed nuclear explosions and
the NucleaThermal Rocket (NTR).

In the NTR a cooling fluid or propellant is passed through a core of material that has been
heated by figsn. This makes the NTR effectively a heated gas rocket. With the present
limitations of materials, NTR gas temperatures cannot exceed chemical propulsion gas
temperatures. The use of hydrogen provides for an increase in Isp to 900 BvWithkm/sec
the propellant mass is reduced by an order of magnitude for a given spacecraft mass.
Unfortunately, this is considerably offset by increased spacecraft mass (payload, structure,
shielding, tankage etc.). A significant mass is required for the low massydarmgellant (H)
as the specific gravity of liquid hydrogen is around 0.07, compared to 0.95 for-Bla O
chemical engine. The net result then is a propulsion system that is better than chemical, but not
enough to really be a dargekere (NE)sygstergsemploy hightsp p o s e
thrusters like the ion and Hall thrusters which solves the propellant Isp issue. The problem for
NE is the inherent inefficiency of the generation of electrical power. Shedding the excess reactor
heat requires annermous radiator mass. The large reactor and power conversion masses just
add to this problem making for too low a specific power (ratio of jet power to system mass) for
rapid space transport.

Invoking nuclear fusion for space propulsion, at least assitoean envisioned up till now,
does not significantly change this picture as it has been developed primarily as an alternate
source for electrical grid power. This endeavor is far from completion, and even if nuclear fusion
were to be eventually developtat terrestrial power generation, the resulting power plant would
be extremely unlikely to have any role in space propulsion for all the same reasons that trouble
NE - but worse.

If one were to imagine the optimal solution out of the this quandary, itdhmibk propulsion
system where

(1) the power source releases its energy directly 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 rapigi heated and accelerated to high exhaust velocity (> 20 km/s),
while

(4) there is no significant physical interaction with the spacecraft thereby limiting thermal
heat load, spacecraft damage, and radiator mass.



In addition, if these four elements colld accomplished:

(5) with little extrapolation from currently existing technology,
(6) at high specific power (~ 1 kW/kg) and
(7) at reasonable scale (<100 mt), power (multi MW) and cost (<,1$B)

it would not only enable manned interplanetary space lfravevould allow it to become
common place. The Fusion Driven Rocket (FDR), to be further elucidated in this proposal,
possesses all seven of these attributes. If the FDR lives up to its potential, it would represent the
most significant and revolutionarngode of space transport yet devised by man. For this to be a
reality, several criteria must be met:

(1) the physics of the FDR must be fully understood and validated,

(2) the design and technology development for the FDR required for its implementation i
space must be fully characterized, and

(3) an in-depth analysis of the rocket design and spacecraft integration as well as mission
architectures enabled by the FDR need to be performed

The phase | effort initiated under the NIAC program has focusetthese three elements.
The results from these efforts form the basis of this final report. This report contains a
description of the Fusion Driven Rocket concept and describes the advantages of the Inductively
Driven Liner Compression (IDLC). A brief introdtion of several other fusion concepts is given
as a base of comparison and to fully illustrate key concept such as proper energy scaling and
isolation or standoff.

2.1 A New Approach to Fusion Propulsion:The Fusion Driven Rocket

This is certainly nothe first time that fusion energy has been proposed as the ultimate
solution for rapid manned space travel. Past efforts in this regard have all come to be dismissed,
and rightfully so, primarily for the following two reasons. The first has been alludaidetdy.

The propulsion system is reactor based. The straightforward application of a -beeseidr
fusion-electric system creates a colossal mass and heat rejection problem for space application.
In a detailed analysis for the most compact tokamak contieptspherical torus, spacecraft
masses of 4000 mere projected. The maximum launch mass would need to be less than 200
mt if current chemical rockets are used for launch to LEO.

Virtually all previous fusion propulsion systems needed to employ ateefasion reactions
that produce primarily charge particles as fusion products to avoid the large energy loss from
fusion neutrons. The most tenable weréH2 Y P(14.7 MeV) +*He(3.6 MeV) and P'B Y 3
*He(2.9 MeV). These reactions require much highasmpl temperatures and are orders of
magnitude more difficult to achieve than theTD¥ n(14.1 MeV) +*He(3.5 MeV) which is the
most readily achieved reaction and the only one seriously considered for earth based fusion
reactors. With the much lower fusiggain for these advanced fuels, the recirculating power
needed to produce the fusion reaction becomes enormous dooming it to being no better than the
fission reactor based alternatives.

What is required is a completely different approach to what has basiered in the past if
one is to make practical use of fusion energy for space propulsion. It is illustrative to examine
what makes chemical propulsion so attractive. A principle reason is the fact that the power
delivered through chemical combustion das made as large or as small as needed; from the
Atlas heavy rocket at 13 GW, to the conventional automobile (130 kW). It is worth noting that at



lower power, the combustion is pulsed to achieve the greater efficiency obtained at high
temperature withounicurring the massive cooling requirements and thermal damage that would
result from continuous operation at small scale.

As first demonstrated at Trinity site (fission) and theRragwetak Atoll(fusion), the ignition
of nuclear fuels have certainly camfied the ability to produce copious energy yields from
nuclear energy, dwarfing that of the Atlas V by many orders of magnitude. The challenge is how
to have the release of nuclear energy occur in such a manner as to be a suitable match to that
desired fo manned spaceflight missions: muttegawatt jet power, low specific maas(~ 1
kg/kW) at high Isp (> 2,000 s). It would appear that for at least nuclear fission, there is no real
possibility of scaling down to an appropriately low yield as a certaticarimass (scale) is
required to achieve the supercritical chain reaction needed for high energy gain. Fission nuclear
pulse propulsion then, such as that envisioned in the Orion project, ends up with anttireist
millions of mt which would only be st#ble for spacecraft on the order of 16t - the mass of
over 100 aircraft carriers!

Fortunately, the critical mass/scale for fusion ignition can be much smaller. The criteria to
achieve BT fusion ignition, at a nominal fuel (plasma) temperature of M kethe attainment
of a densityradius product ofr & ~ 0.1 g/crh This can be accomplished with a three
dimensional compression of a spherical cryogenic fuel pellet of millimeter scale. Here it is
assumed that the inertia of the small pellet is sufficie confine the plasma long enough for the
burn to propagate through the pellet and thereby produce an energy gain G ~ 200 or more (G =
fusion energy/initial plasma energy). This Inertial Confinement Fusion (ICF) approach has been
actively pursued by th&lational Nuclear Security Administration (NNSA) of the DOE for
decades as it represents essentially a+saate version of a fusion explosive device. Because of
the small scale and tiny masses, the energy delivery system required to heat the psilat to fu
temperature must be capable of doing so on the nanosecond timescale. It appears that the most
promising solution to accomplish this is with a large array of high power pulsed lasers focused
down on to the BT pellet. The actual
target compression is btained by
ablating the surface of a she
surrounding the fuel. This creates
strong inward compression of th
pellet from the remaining outer she
due to momentum conservation. Th
compression, if strong enough, brin¢ Figure 1: (1) x-rays, laser, or ion energy deposition
the fuel to the temperature an rapidly heats shell (liner) surrounding D-T fuel. (2) fuel
density required for fusion burn a is compressed by the roct-like blow-off of the ablated
indicated in Fig. 1. material. (3) fuel core reaches density and temperature
for fusion ignition vyielding ~ 200 times the
compressional energy.

The National Ignition Facility
(NIF) at Livermore National
Laboratory is now in the process ¢
testing a laser driven pellet implosion capable producing significant fusion gain for the first time.
This will be a very significant milestone for the generation of fusion energy at small scale. While
the expected energy yield is in the range appropriate for propulsion (EL60281J), the scale
and mass of the driver (lasers and power supplies) is i@t raquires an aerial photograph to
image the full system. It would seem one is back in the same quandary as before. However there



have been three breakthrough realizations in the last several years that have provided the keys to
achieving inertial fusin at the right scale in an efficient and appropriate manner for space
propulsion. They primarily concern the enhanced confinement provided by significant
magnetization of the target plasma which considerably eases the compressive requirements to
achieve fgion gain and even fusion ignition. This new approach to fusion is aptly referred to as
Magnetaolnertial Fusion, and will now be briefly described.

2.1.1Magneto Inertial Fusion (MIF)

The notion of using other means than an array of high power lasesmfoass the target to
fusion conditions goes back as far as the nineteen fifties. Heavy ions and metal shells (liners)
were two of the most promising. They all had in common the basic approach of ICF shown in
Fig. 1Error! Re ference source not found.the outer shieor liner is driven directly or indirectly
inward compressing the inner target to fusion conditions. Regardless of method, this
compression must uniform, intense and accomplished with great precision resulting in large, high
voltage and expensive drivelystems. By the
mid-nineties it was realized that the presen s
of a large magnetic field in the target wou FEe
substantially suppress the thermal transp
and thus lower the imploding power needed
compress the target to fusion conditions. W
more time before the target plasma therm
energy was dissipated, a much more mass
confining shell could be employed for dire
compression, with the dwell time of th
confining (metal) shell now providing for i
much longer fusion burn time. The liner di i <0
not ned to be propelled inward by ablation b
could be driven by explosives or eve Y. I S S
magnetic fields. Ira seminal paper by Drake ¢ 0.001 0.01 0.1 1
al? it was shown that if the imploding shell o fuel pR (g/em’)
to the magnetized target were fully thre Figure 2: The BR form of the Lindl -Widner (L-
dimensional, fusion gain could be @aled on W) diagram. Ignition curvesfor different product
a small scale with suimegajoule liner (shell) BR (taken from Ref. 4When the BR paramete
kinetic energy. There was no known way exceeds the threshold value, the dT/dt > 0 rec
accomplish this at that time, but it was feasit €xtends to infinitely smallrR and ignition
at least in theory. The second major theoretical
resut was obtained by Basko et“avho showed that for sufficiently magnetized target plasma,
fusion ignition would occur even when the restrictive condition ti&t> 0.1 g/cri was far
from being met. Ignition was now possible as long as the magnetierdigilgs product, B >
60 T-cm. Thus fusion ignitiortould be obtained for MIF targets with much lower compression
than required for ICF akigure2 indicates. The final critical element to enable fusion energy to
be utilized for space propulsion was a practical methadirectly channel the fusion energy into
thrust at the appropriate Isp. It is believed that such a method has been determined at MSNW that
is supported by both theory and experiment. A description of the operating principles of the
Fusion Driven Rockewill now be given.
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2.12 Inductively -Driven  Foll
Compression (IDFC) of a Magnetized
Plasmoid

It was clear that fusion ignitior
conditions could be achieved at sm:
scale by applying the kinetic energy of
significantly more massive metal shell 1
compess the target plasma to hic
density and temperature. What remain
to be solved were the following fou
challenges:

(1) how to do this without invoking &
massive and complex driver

(2) how to do it in a manner that i

efficient and capable of repetigv
operation
(3) how to create a suitabl

magnetized plasma target, and

(4) how to transfer the fusion enerc
into a suitably directed propellant.

The key to answe
stems from current research being do
at MSNW on the magnetically aden 3D
implosion of metal foils on to an FR(
target for obtaining fusion conditions. ¢
logical extension of this work leads to
method that utilizes these metal shells
not only achieve fusion conditions, bt
then to become the propellant as we
The kasic scheme for FDR is illustrate
and described in Fig. 3The two most
critical issuesin meeting challenges (1
and (2)for MIF, and all ICF concepts for
that matter, is driver efficiency and
i s t-a i @l dhe ability to isolate and
protect fusion and hruster from the
resultant fusion energyBy employing
metal shells for compression, it i
possible to produce the desire
convergent motion inductively by
inserting the metal sheets along the inr
surface of cylindrical or conically tapere
coils. Both sandoff and energy
efficiency issues are solved by th

Driver coils

@) metal

FRCJ U ~
B

(b)

(c)

=)
_—— s = === —— - — - —- _—]— ==
|E|]_‘ ;
(d)
—
S . A I
By =

Figure 3: Schematic of the inductivelydriven metal

propellant compression of an FRC plasmoid for
propulsion. (a) Thin hoops of metal are driven at tt
proper angle and speed for convergence onto te
plasmoid at thruster throat. Target FRC plasmoic
created and injected into thruster chwem

(b) Target FRC is confined by axial magnetic fie
from shell driver coils as it translates through cham
eventually stagnating at the thruster throat.

(c) Converging shell segments form fusion blan
compressing target FRC plasmoid to fusion conditiol
(d) Vaporized and ionized by fusion neutrons &
alphas, the plasma blanket expands against
divergent magnetic field resulting in the dire
generdion of electricity from and the back EMF and
directed flow of the metal plasma out of the magne
nozzle.
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arrangement. The metal shell can be positioned a meter or more from the target implosion site
with the coil driver both physically and electrically isolated from the shell. The driver efficiency
canbe quite high as the coil driver is typically the inductive element of a simple oscillating
circuit where resistive circuit losses are a small fraction of the energy transferred. Wiiman in
element as rudimentary as a diode array, any magnetic energyparted to the liner can be
recovered back into the charging system after the shell is driven off with the first half cycle. The
feasibility of rapidly accelerating inward and compressing thin hoops of aluminum and copper in
this manner was first demstratedby Cnaré. Since then, the technique has been employed in
several experiments to obtain very high magnetic fields as it will be done here. Even though
there is essentially no magnetic field within the hoops initially, there is enough flux leakage
during the inward acceleration that at peak compression the axial magnetic field that is trapped
inside the now greatly thickened Wwahn reach as high as 600 As will be seen this field is
considerably higher than required for compression of the ERi@ave ignition and substantial
fusion gain.

The next challenge to be considered is the magnetized plasma to be used as the fusion target.
Spaceebased fusion demands a much lower system mass. The lowest mass system by which
fusion can be achieved, and tbee to be employed here, is based on the very compact, high
energy density regime of magnetized fusion employing a compact toroidal plasmoid commonly
referred to as a Field Reversed Configuration (ERIE)s of paramount advantage to employ a
closed fidd line plasma that has intrinsically hidgh(plasma/magnetic pressure ratio), and that
can be readily translated and compressed, for the primary target plasma for MIF. Of all fusion
reactor embodiments, only the FRC plasmoid has the linear geometryfaciérg closed field
confinement required for MIF fusion at high energy density. Most importantly, the FRC has
already demonstrated both translatability over large disthmsesell as the confinement scaling
with size and density required to assurdisigit lifetime to survive the compression timescale
required for linefbased inertial fusion. FRCs have also been formed with enough internal flux to
easily satisfy the @ ignition criteria at peak compression.

At a nominal liner converging speed of Bils, a 0.2 m radius FRC typical of operation on
the LSX FRC device would be fully compressed im@7#vhich is only a fraction of the lifetime
that was observed for these FRCs (~ 1.fi)e target plasma to be employed in FDR will thus
be an FRC plasmoid.

Finally, to complete the fourth challenge, a straightforward way to convert the fusion energy
into propulsive energy must be devised. It is in this regard that the approach outlined here is
uniquely capable. It starts by employing an inductively drivem timetal liner first to compress
the magnetized plasma. As the radial and axial compression proceeds, this liner coalesces to
form a thick (r > 5 cm) shell that acts as a fusion blanket that absorbs virtually all the fusion
energy as well as the radiatedgma energy during the brief fusion burn time. This superheated
blanket material is subsequently ionized and now rapidly expands inside the divergent magnetic
field of the nozzle that converts this blanket plasma energy into propulsive thrust. It would be
possible to also derive the electrical energy required for the driver system from thENdECk
experienced by the conical magnetic field cdiicait via flux compression? It was found
however that the power required for recharging the energy storagdesnddr the metal liner
driver coils could readily be obtained from conventional solar electric power (SEP). As will be
discussed, for very rapid, high power missions, the flux compressor/generator option could be



developed. For the near term manned nmairssions the SEP requires the least technology
development, lowest cost and highest TRL level.

In the following sections of this report, the phase | effort is summarized and presented for
three major areas of research: The physics of the fusion reatigooptimized mission design
for a fusion rocket, and an initial description of the spacecraft system design.

3. Phase | TechnicalObjectives Aachieved

The primary goal of this phase | effort was be to bring The Fusion Driven Rocket from TRL
1 (Basic pmciples observed and reported) to TRL 2 (Technology concept and application
formulated). The research was organized into 3 major three tasks, each iterating on the other
tasks in order to generate a roadmap to further develop the concept in Phase yoandd Diee
final FDR road map is discussed in Section 4. Each of the three tasks oflgiease been
further broken down into individual subtasks. The tasks and related subtasks are listed below and
are then discussed in detail in Sections 3.1 through 3.3.

Taskl1 FusionPhysicsand FormationTechnologies
(a) Investigate physic of IDFC fusion for purposes of propulsion
(b) Determine optimum compression geometries, materials, and fuels to achieve
required fusion power, specific mass and optimum Isp
(c) Desgn of validation experiment require in Phase Il

Task 2Zi Mission definition andrade analysis
(a) Examine the missions for which FDR is most enabling or critical
(b) Down selecinission options and develop coherent mission architecture
(c) Preform tradestudy analysis based on fusion parameters to optimize mission
design

Task31 Spacecraft systenesign
(a) Based orthe chosemission type determinequired payload mass, system scale,
and geometry
(b) Establish preliminary estimates vehicle weight idelg requirements for
propellant and energy storage, thermal radiators, and fusion product shielding

An optimalmethod for achieving the compressional heating required to reach fusion gain
conditions based on the compression of a Field Reversed Configuéismoid (FRC) was
ascertainedduring Phase I. This research determined that an inductive technique could be
employed to accelerate an array of thin, lithium metal bands radially inward to create a three
dimensional compression of the target FRC. It aia® conceived that the FRC can be formed
inside the main reaction chamber using a rotating magnetic field (RMF) generated by antennas
located outside the reactor vessel or by injection through end ports. No ports or opening of the
reactor is required dung fusion burn with RMF. The metal bands can be located a meter or
more from the target implosion site, and with inductive drive the driver coils are physically
positioned outside the reactor vacuum wall. An effective fusion blanket is formed with the
cornvergence of the bands absorbing the fusion energy as well as the radiated plasma energy
during the brief fusion burn. The resultant vaporized and ionized blanket shell expands
compressing the external magnetic field providing for direct energy conveauaral aspects
of the process have been explored experimentally and numerically and are present in this final
Report. A description of a subegajoule experiment that was designed as a result of this
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research has been proposed as a validation experiméet conducted under Phase Il. Further
description experimental setups as well as the explanation of the governing physic scaling laws
are presented in Section 3.1.

To evaluate the potential of a fusion propulsion system, it was important to understaeind whi
missions are best suit for its application. Because of the high level of energy storage of fusion
material, FDR is most beneficial for mission that are impossible or impractical with chemical
systems, where the mass of propellant became too largeedkpdoential scaling of the rocket
equation. Ultimately, a propulsion system like FDR, with high Isp, is needed for mission beyond
near Earth. FDR would certainly have an application for Jupiter, or its icy moons, Neptune,
asteroid rendezvous, and numeraus h e r high @ea@V interplanetary
analysis an irdepth analyses of a Mars mission vw@sen as this would most likely be the
mission for first application of the FDR addition, there exists a large body of reference work
for propusion systems to Mars. It is technically feasible to accomplish Mars transit with a
variety of propulsion system, and therefore it has become a kind of interplanetary propulsion
benchmark. By investigated a manned mission to Mars it was possible toydi@uopare with
other techniques. As will behown,the FDR allows for a muchfaster trip time, reducing the
physical demands on astronaatsl minimizing theeduction in bone and muscle loss as well as
radiation exposure. FDR also has the advantage dkhigayload mass fraction delivered to
Mars. This means for a desired payload required for Mars exploration only a fraction of material
compared to chemical propul sion system has to
major cost and deterrerdrfMars missions). The full mission analysis highlighting the tradeoffs
between mission times, payload mass fraction, and expected fusion gains are explained in further
detail in Section 3.2.

Because of the open parameter space of the mission designrgaddaation in potential
fusion gains it was inappropriate to perform a full spacecraft system design as part of the year
one effort. Instead it was decided that tlaiskshould be giving a higher priority under Phase 11,
and only a preliminary investdion of major componentsould be examined under Phase I.
These major areas of spacecraft design focused on sub components such as solar panels, which
were a major fact in mission design, which largely impacted overall spacew@aftes The
Major drivingfactor behind this investigate was to estimate the mass of material that would need
to be launched to LEO and the number of launch vehicles required to do so. More discussion on
the spacecraft system design can be found in Section 3.3

3.1 Physics of Induwetively Driven Liner Compression (IDLC)

The analysis of the liner implosion was carried out for both a subscale validation experiment
that could be performed with existing equipment at MSNW and the Plasma Dynamics
Laboratory at the University of Washingtas well as a fulkcale reactor prototype.

For the purposes of the analysis given here, a very conservative liner kinetic energy, E
560 kJ was assumed from the existing 1.4 MJ capacitor bank based on modeling and other
inductive liner compression periments:*'? The dynamics of the liner implosion are governed
by the equation:

d’r 480 Blud, .,
dt*  2my 2m 2

ML
(1)
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where M is the liner mass, and w the liner width. During the liner acceleration very little flux
leaks through the liner {B<< Bex). On energizing the driver coil, due to the small gap aed t

inertia of a solid metal linetthe magnetic fieldapidly increases and is thenaintaired at a
roughly constant amplitude {B~ const.) duringhe inward motion of the liner dBe increamg
flux from the driver circuiinto the gap between the coil and lingicountered by the increasing

gap crosssectional area. This liner/magnetic behavior was confirmed by 3D modeling with the

Maxwell® 3D electromagnetic cod®Vith this approximation Eq(1) is readily integratedsiven
the liner mass M= 2pr, W@®, , whered is the liner thickness and theliner density the liner

velocity is:

r(t)

v, 52 =125% B2
L= Wf_ﬁ oxt o Dext

(2)

where t is the period of acceleration ¢ |,

constant B« An aluminum liner was
assumed in evaluating the right hand side
EQ. (2). Bexy, is determined by the store
capacitor energy minus liner energy which
(1.40.56) MJ ~ 0.8 MJ for the PDlfast
energy delivery systenmEquating this to the
magnetic energy stored in the annu&rgap
of the liners yields B¢ = 9 T when the liner
has moved inward by 15% of the initial co
(liner) radius of 0.4 m. While the line
continues to be accelerated, the rate dr
dramatically as the area between the coil ¢
liner grows while the capdéor bank energy
has been fully transferred to the coil. For tl
liner to have moved inward 6 cm in 40 pst
under a constant magnetic force implies
terminal velocity of v = 3 km/s, consistent
with that predicted by the above equation
a 0.2 mm alumiam liner.

The key process of the dynamical behavior
the convergent aluminum foil liners was als
analyzed with the ANSYS Multiphysits
code. Here the nelnear behavior of the
aluminum liners was modeled based on t
magnetic pressure profile in timendh space
similar to that predicted by Eq. (1) an
Maxwell®. The result from a calculation witt
the physical setup similar to the subsc:
validation experiment is illustrated in
Figure4.

As mentioned, the FRC h&é&en selected

T=0ps T=120 ps

n,‘

T=160 ps

4000
3600
3200
2800
2400
2000
1600
1200

¥ 800
400
£ 0

Figure 4: ANSYS Multiphysics® calculation of

the 3D behavior of three 40 cm radius, 5 crr
wide, 0.2 mm thick Aluminum liners

converging onto a stationary test target The
scale of the ellipsoid target ¥3.5 cm) is that
anticipated for an initially 20 cm radius FR
compressed to 1 megabar energy density. C
scale indicates liner velocity.

as the target plasmoid. A schematic of FRC is
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shownin Figure5. The liner moves in radially compressing the FRC until it stagnates due to the

Figure 5: Elongated Field Reversed Configuration (FRC) Equilibrium Magnetic Field
lines and Pressure Contours

rising pressure from the trapped magnetic field (and BREma). Tie energy within the FRC
separatrix at peak compression ismilmated by plasma energy that mustibeadial pressure
balance with the edgexial magnetic field B, so that one can write:

_1 2 _ 4 3 Bl 3 (3)
E ==M, vf =3, kT, OG-prye=—prye
L=V Ny 03/70 n&po

where the zero subscriptdicates values at peak compression. The last expression in Eq. (3)
reflects the reasonable assumption thatm and magnetic pressure balancedig= Bo? /2m).

One has then for the fusion energy tpatpedkuced i
compression:

Eqe @ 12310 12n§ésv6%pro3 ety
(4)

4
= 1131022720 ¢
Vi

where  and Tp are the peak density and temperature, and where the liner shell dwell time at
peak compressiotip, ~ 2p/v.. The dwell timecanactuallybe much longer for a thick liner, but

the more corervative dwell time is assumed here. Liner compressive effects are also ignored in
this zero order analysis. The usual approximation for th€ fDsion cross section in this
temperature rangesnd @1.1x10% T%(eV) was also assumed. Pressure balancettteg with
expressions (3) and (4) yields for the fusion gain:

E
G=—t = 17310° Mg
EL I0

= 433108 /M E}V®

(5)

where } (= 21,®) is the length of the FRC at peak compression. The last expression is obtained
from the adiabatic scaling lavisr the FRC'®
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(6)

lo

in order to express G in terms of the liner kinetic energy and maasdBV| only.

Starting with typical FRC parameters one obtains the final FRC parameters assuming both an
adiabatic radial and axial compression from the 3D convergenttes diners. The ends of the
merged liners are observed to do this naturally in the ANS¥Rulations (see

Figure4), as the end liners have a significant axial velocity component and are unimpeded by
the FRC presee as it contracts

axially inward. The unique AdiabaticLaw: P~V T~B*
behavior of the FRC equilibrium t¢ Rad. P Balance: P ~ nkT ~B_2 n~B.S5
axial liner compression is quitt p, e cons:  nV = const. = 2] ~B,
valuable in this context as i

FRC ¢ Cons: o ~r.2 B, (const x,) lg ~ 25

provides for magnetic insulation o
the FRC boundary regardless of t
increase in the ratio of plasma t Figure 6: FRC adiabatic scaling laws used to obtain
magretic energy that comes witl initial FRC conditions from the desired conditions at full

the increased axial compressio compression.

The proper plasma parameters fui

the initial FRC are found by extrapolation back from the desired final Staéecompression that
is applied by the liners is adiabatic with regard to FRC adirtke motion is far less than the
plasma sound speethe key adiabatic relations for the FRC are stated in

Figure®.

Injecting the FRGnto the linerds delayed to until the liners have been fully accelerated and
have moved inward away from the driver coils. For the validation experithentvould be
accomplished bynjecting two FRCs and merging them inside the lm@thispermitsanaxially
stationary liner compression which considerably eases the diagmostication of the
compression the tar( -

process —as P t M d FRC Radial FRC Axial FRC
remains fixed. Adding a translating | oo | Ne9e ada ' o
- ] ‘ (t=14) Compression | Compression
component to the liner motion would b ™, ) 25 0 0
something to be addresstal the space r, (cim) 295 0.9 0.9
propulsion application after success wi . (cm) 20 0.8 0.8
the validation experiment \ (em) 80 - a5
3.1.1 IDLC validation Bex (T) 0.1 100 410
. T.+T, (keV) 0.06 5 15
As mentioned the scale of th o () 1 1x10% 2 51024 14102
validation experiments is based on tl E W) ’22 '180 '560
generation of an FRC similar to the ° o . .
produced in the LSX FRC experimefis. E (Pa) 1510 6x10 10
Using the FRC adiabatic scaling law ™ (s) 600 175 270

listed inFigure6, and assuing E, = 560
kJ, the convergence o& set of three
aluminum liner set with an initial total
mass of 0.18 kg would producepaak

Figure 7: Anticipated FRC parameters from the

validation experiment from merging, followed by a
purely radial, and a purely axial compression In the

actual experiment the FRC radial and ax
compressions would occumsilltaneously.
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edge magnetic field of 410 BdeFigure7), with a compressed FRC length of 35 mianom Eq.

(5) a fusion gain G = 1.Would result If realized, this would be semarkableachievement for
such a modest experiment arduld act asa testament to the cost and efficiency advantages of
this approach to fusion.

The total gain desired from thBLC is determined by the energy requirements to vaporize,
ionize and energize the metal liner propellant to achieve a suiatblgt plasma expansion or
directed momentum for the space applicatibns useful then to rewrite Eq. (5) in terms of the
fusion enegy produced per unit liner mass:

E aEF a
fus _ 5 E §=43°10 8\ 15/8 475 @)

My cM_ =

where Eq. (3) was used to put the expression in terms of the explicit liner variables. It can be
seen that increasing either the liner mass, or velocity will increase the energyniiopaach
liner particle.

3.1.2Evaluation criteria for the metal liner

There is however a velocity | imit for a gi
properties (electrical conductivity, melting point, and heat capacity) in order to avoid
vaporization due to the inductive heating that the liner experiences during magnetic acceleration
of the liner. As was first pointed out by Cnare in his landmark foil compression experiments, the
l'inerés minimum thickness ( masdejizedby a pammetgi v e n

gudefined by the fAcurrent integralo:
I,ém | Zdt: gM A2 (8)
where | is the current flowing through the material cresstional area, A=3Wwi, and wher e

the hoop width and 0 t he & simplythe¢ magreicrpessure The
(B?/210) applied over the surface area of the metal shell facing the coil when in close proximity

to the driving coil. The current can be rel at
reasonably approximated as B =l/w. Normalizing to the action constanta gfor the
vaporization of aluminum from an initial 300 °K, one finds for the maximum velocity for a given
shell thickness 1U0:

Vi =6.8x1010 T ©)
9a v

wherery is the shell material density. This should not be a significant issue during field
compressio due to the formation of a thick blanket at convergence. The initial thickness will
typically be much greater than needed for the characteristic velociekr(i2s) anticipated.

There are potentially several metals that could be employed. Not suglyigiluminum is a
strong contender due to its low density and high conductivity, but lithium is not far behind.
Possessing low vyield strength, dithium liner would be especially advantageous in that the
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initial thin shell could be readily extruded fpositioning under the driver coils between pulses.
For a given liner energy, its low mass density allows for thicker initial liner as well as a larger
final shell radius. The latter is important for slowing down the fusion neutrons and extracting the
maximum energy from the fusion productsithium also has several advantages as a plasma
propellant. Recall that the ultimate fate of the shell is vaporization and ionization after intense
fusion, Ohmic and radiative heatirfepr the space propulsion applicatilithium is to be favored

for its low ionization energy thereby minimizing the frozen flow losses. Due to its low atomic
mass it will also attain the higheskhaust velocityfor a given fusion energy yield. For these
reasons, lithium is theaterialof choice for thelDLC. From Eg. (9) one finds for lithium:myx

(km/s) = 1&(mm). The anticipated lithium liner thickness is several mm so there is no real issue
here as high gain can be accomplished with liner velocities-4ofk81/s. For the validation
expeiment aluminum is the clear choice due to its wide availability, low cost, and ease in
handling.

3.1.3Validation Experiment

The basic approachilv be to test liner convergence with aluminum liners using tHED G
vacuum chamber and driver coil pair usedthe Foil Liner Compressiorexperimental testing at
MSNW, but powered by the fullenergy
storage and delivery system at the U &8 IPA FRC
Plasma Dynamics Laboratoryhe principle Jformation
diagnosticsto determine liner position as
function of timewill be internal magatic
probes on axisand axial arrays oéxternal
flux and B loops. Endn imaging of the
liners will be obtained with a backlit fas
framing camera. As in other line
experiments, both at MSNW an
elsewher&*® these images vield detaile
information regrding liner uniformity
during convergence. The liners will b
constructed out of 6 cm wide, 0.2 mm thic
aluminum strip and joined wusing a
ultrasonic welding technique that maintair
the structural, thermal and resistiv
properties of the material. Aftebtaining the
proper convergence, the FLC chamber w % —— _ .
be modified and equipped with tlexisting Figure 8 Foil Liner Compression testbed
IPA FRC formation sectionas depicted in mModified for validation experiments
Figure8.

turbo - molecular

Detailed 2D, resistive Magnetdydrodynamic (MHD) calculationsdve been carried out to
study the FRC formation and merging in this geometry, first with three and then two converging
liner bands. It appears that for timesitu case (no overall traregion of the liners as in

Figure4), that two should be sufficient to assure proper axial and radial compression of the
FRC. Internal rings can be employed if necessary. The result from a 2D MHD calculation of
FRC merging with three rings ishown in Figure 9. The primary diagnostic of plasma
compression and heating will be the neutron cororhfthe DD fusionreaction The yield is a
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sensitive measure of ion temperature. The signal will be analyzed using MCNP codes used in
previous FRC experients™ A soft x-ray camera will be used for plasma imaging and electron
temperature measurements. Plasma density will be obtained from altansiser HeNe laser

based interferometer

The successful development of the 3D liner compression of the FRG/alidlate liner
compression as a practical approach to achieving a small scale, low yield source of fusion
energy.This method will facilitate the exploration and development of a new regime of fusion

T (ps)

40

R 30
20
(cm)10

0
100 80 60 40 20 O 20 40 60 80 100

Z (cm)

Figure 9: Pressure contours and flux lines from 2D MHD calculation of the formation and
merging of FRCs indgde three converging liners

plasma physics that could lead to very different aptiben and usage to that now being pursued
by virtually all other fusion efforts. At a gain ~5lthere would be application to the breeding of
fissile fuel, particularly for the Thorium cycle, to support the future generation of advanced
fission plants. Thre would also be application to the burning and transmuting ofli\oed)
fission products and actinides from commercial fission.

The use of such the IDLC system for space propulsion is now being investigated at MSNW
with a grant from NASA. The projecepresents a unique opportunity to gain the interest of a
community that has the resources to rapidly develop the science and technology if the concept
can be validated.
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For the more ambitious goals of a high efficiency fusion power plant employing direct
conversion or a fusion driven rocket, higher fusion gainsi(1¥0) are desired. To achieve
ignition, a fusion gain G > 5, along with sufficient magnetic field for the magnetic confinement
of the fusion product alphdHe) within the FRC plasmoid will be aded. With fusion alpha
heating, ignition conditions are achieved and the effective gain can be significantly increased,
potentially to as large as several hundred. The necessary magnetic confinement is readily
achieved in the compressed FRC plasmoidHerliaseline parameters anticipated for the IDLC.
While the scale of the validation test is set by the available equipment and energy storage at
PDL, better standoff would be achieved by increasing the radius of coil driver for the full scale
reactor. Incrasing the driver radius by a factor of 2.5 (i.e. a one meter radius liner), the liner
mass would also increase by this factor if one were to maintain the same liner velocity and width.
This would be sufficient to increase the fusion gain to 6. To achieeen@al fusion gain of 20,
the | iner velocity would need to be increased
from a larger driver coil, should make this considerably easier to achieve.

3.2 Mission Definition

There is an inherent dependethatween payload mass fraction, specific impulse, power, and
trip time. For example a high payload mass fraction can be achieve with a higher Isp for a given
payload at a fixed power but will require a longer trip time. These interdependencies have a
strorg bearing on mission design and were therefore chosen as the key parameters to investigate.
Payload mass fraction was an obvious parameter to optimize in early mission studies. Defined
here as the amount of payload delivered to the target destinatiothevetal initial mass, it is
one of the largest drivers of cost and feasibility of any future space mission. Current mass
fraction are about 20% to LEO, 5% to Mars orbit, and 25% to Mars Surface, means that one
guarter of one percent of a launch vehice oEar t hés sur face wil|l ma k e
This also means that at a cost of almost $1 million/kg the Martian surface remains a difficult
hurdle. One of the largest ways to improve this is to increase the payload mass fraction for the
Mars trarsfer. As will be shown in the analysis below payload mass fraction of 65% are feasible
with The Fusion Driven Rocket.

Specific impulse is a parameter that is determined by the fusion condition of FDR, as will be
discusses further in Section 3.2.1. The pow based on the require input energy into the fusion
reaction to achieve the desired Isp and a realistic scaling of solar panels. The use of solar panel
for fusion and their scaling will also be discussed further in this report. Finally, trip timas are
important parameter for a multitude of reasons. Mission times factor into cost, public interest,
mission success, and astronauts safety. For all this factors, faster is almost always better,
however faster mission require much larger delta V. Whilerglsi Hohmann transfer to Mars
takes around 200 days, the delta V is only about 5 km/s. For the fusion driven rocket, where 30
day transfers were investigated, delta V reached as high as 45 km/s. Trade off studies between
mission time, FDR burn time, and eV were conducted and are presenting in the following
section
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Figure 10: Sample manned mars mission architecture based on a fuel pdeployment approach

Figure 1QGllustratesa sample redeployed manned mars mission. In this mission architecture a
single preliminary cargo mission is sent to Mars using the FDR spacecraft in almost the exact
configuration that will be used in the second manned portion of the architecture. By keeping the
transfer times same for all aspects of the mission, decreases operation variation and allow the
spacecraft to be full flight qualified in the exact operatingdition before it is ever manned.
However it would certainly be appropriate to extend transfer times of the cargo mission in order
to increase payload mass fraction as this phase of the architecture is often not as time sensitive.
The purpose of the cargpission will be to deploy a fuel store of lithium in a Martian orbit. The
fuel will be required for the return portion of the manned mission. Estimates of the required
propellant for the return trip allow flexibility of mission designers; giving the opftioreither
more mass for mars exploration equipment or a small initial launch mass. As will be shown in
the following section, launches required for the FDR Mars mission architecture are planned
using HLV requiring no more than 130 mt to LEO. A singlenlguwill be requiring for the pre
deployed cargo mission and a second for the manned mission. The FDR spacecraft will remain
permanentlyin space after the initial launch and only fuel and payload will be required to
rendezvous with the spacecraft for figrips to Mars

3.2.1 Model of FDR and Mission Assumptions

An analytical nodel,based on a missionriden approachwas used to examine a direct Mars
Transit utilizinga Fusion Drive RockefFDR). Thiswas similar to thenethodologyemployed
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by N A S A GoperniCussoftwareto determine accurate mission profile 4 requirements as a
function of mission transfer time and thruster burn tirdealysis was focused on a Sfay
transit time to Mrs. It was felt that this tinseale was an appropriate balarbztween fast
transfer time, required to protect astronauts from harmful space radiahde still providing
high payload mass fraction and low initial launch masses. Morea\g¥day trip can easy be
accomplished with a conservative estimate of fugjaims that will be discusdan detaillater.
While faster trip times are possiblaey comeof courseat the costof decreased payload mass
fraction. These numbers can be greatly improved by siagpéminglarge fusion gin with a
consequenhigher Ip from the FDR However itwas theintent of this work to focus on how
evenwith conservative estimates of fusion yiekDR cauld revolutionizeinterplanetary space
travel.
In additionto the primary 9@ay mission, mor@ambitious mission profiles suchs a 30-day
Mars transitwere examined in particular with regard to increased fusion ignition yiéMsle
these highkr gains are quite feasible they are wettain at this time, and therefore were not
assumed for thérst implementation studiesf FDR, but ratheranalyzed to illustrate, once the
physics of the FDR has a sound footing in both experiment and theorythehaitential of this
technologycould provide tananned space exploration

The most relevantnetric of the Fusion DriverRocket is theenergy gain of the fusion
reaction. Thus the mission analysis included a trade study of various fusion gains. The primary
fusion gain can be stated as a function of the liner nhMssand the terminal velogit V., (i.e.
liner energy) at which the lineonverges.

Gr = M¥7G,CE}"* (10)

WhereG, is the ignition gainC is a fusion constaht equal to 4.3x18 and E;, is the energy
input into the fusion reaction and is described by,

1

Ein = E M |_VL2 (11)

For this analysis, the liner velocity was consamey assumed to be no greater than 4
km/s. This is based on what has been demonstrated by previous experimental agftorss,
sufficiently lessthanthe predicted vaporization limit of lithiumue to inductive heating during
liner acceleratiort® A lower limit to the liner mass is found from the desire to have the liner
thickness sufficient to haviaision neutron energy deposited in the lifieg. r.(min)2 5 cm]. A
mass 0f0.37 kg was assumed for thetal lithium liner mass which is well above the mimim
amount ofmaterial (0.28 kg) needed.

In addition to this fusion gain, there is a likely possibility of an ignition gain due to additional
heating of the plasma from the magnetically confined fusion product afpted ions. The
additional energy fronfusion heated fuel varies significantly depending on assumptions of the
liner dynamical behavior as well as the fusion burn propagation. The actual total gain that will be
achieved is thus a complex hydrodynamic/materials physics question that will nded to
addressed through further research. The codes for this calculation with modifications for a
magnetized target are currently under development. The initial ntahedlculations by Parks
et al’ indicate significant fusion ignition gains can be achiewae@n with only partial
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thermalization of the fusion alphas. While this secondary ignition gain of the FDR is unknown, it
is likely to be at least 2. Therefore, for the mission analysis presented here, ignition gain
enhancements of 1 (no ignition gain) drfflare examined along with the nominal gain of 2. The

1 and 10 cases are meant to bound the likely yW&lth the liner mass and velocity having been
determined, the primary fusion gain is determined from Hi).With a fusion gain of 20.

With the total fusion gain assumedhe energy from the fusion reactioey, can simply be
determined as the gain multiplier times the energy irfpytinto the reaction.

Eou = Ge B 12

The amount of energy from the fusion reaction that is actually converted intockameti
propulsive energy is decreased by a thrust efficiency fagtoand the major loss mechanism
the ionization of the lithium liner. This is described by the equation,

Ekinetic :hTEout- fionML (13)
6000 Specific impulse can be determined as a
function of the total gain (= fusion gain
5000} . a variable ignitionmultiplier) as shown
in Figure 11 and described by the
4000} following equation,
=
E)L3000- | _,/2Ek/|\/lL (14)
2000} = %
1000y The resulting minimum expected, for
. FDR is therefore 2,440 s, and could
00 50 100 150 200 range as high as 5,720 s. Notice that the
Total Gain Isp drops quickly at lower fusion gains.
Figure 11. Projected Isp accounting for frozen flow This is due to the rising significance of
losses as a function of total fusion gain. thelt hi um | i nerds ioni zat

For a given mission architecture and desir
determined, as will be discussed in Section IV. By knowing the exhaust products of the fusion
reaction determined above and thi&Vrequirement, the mass ratiblR, is setby the simple
rocket equation,

DV

MR=g'#* (19

MR can also be defined as the initial mass of the spacekafbver the final masdyi;, of the
spacecraft as represented in Etp)( Here, the final mass is just the mass of the paylstad,
plus the structtal massMs, of the spacecraft represented in ELZ).( The initial mass is the
same plus the mass of the propellémt, need to carry out the mission, shown in B®).(This
propellant mass represented in E®) (s simply the mass of the liner frorhet fusion analysis
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times the frequency of operatiofy, times the length of the missiomp T The Mass of the
Structure is broken down in EQQ). It is a function of the solar panel mass, capacitor mass need
for the fusion propulsion system, and some @aldimass, which has been chosen here to be 10%

of the payload. The mass of the fusion system is defined as energy input into the fusion reaction
divided by the specific mass of the capacittks,, required to supply that energy, and the mass

of the sola panels is defined as the power required to charge the fusion caps divided by the solar
panel specific massken Finally the actually power need to run the fusion reactor is simple the
energy input divided by the frequency of operation as written irfZy;.

M.
MR=—
v 16
M; =My + M, (17)
M; =My +M +M,; (18)
M, =M, DT (29)
_E Foer
M. =—""+ 3 +0.1M
s ey s PL (20)
=)
e, = P @)

Equationsl6 through?21 represent a system of six equation and six unknoins\i;, Ms,
Mp, f, andPsgr Solving these equations simultaneously allows each to be determined and for an
analyticalfeasibility study of FDR for a direct Mars transfer to be carried out.

There are several important assumptic
made in the analytical analysis wori
outlining here. The mass of the payload w
chosen to besl MT, based on previous
manned Mas mission arlgsis.'®* It was
estimated that the coupling coefficient, «
the amount of energy thas transfered
from the capacitor to the fusion liner, i
roughly 50%. It is important to note that tr
other 50% is not lost energy, but is return
to the capacitorsrém the driver coils as ¢
normal aspect of the electrical circu
behavior. Therefore a higher or lowe
coupling efficiency only acts to increase
decrease the size of the energy storage,
not the power required. The liner itsedf
assumed to be 50%nized from the dsion
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Figure 12 Projected Isp accounting for frozen
flow losses as a functionfaotal fusion aain.

reaction and plasma products. The ionization enérgy, as with all plasma based thrusters,
shows up asa frozen flow loss anatan influencethe performance FDR especialiylow gain
levels (lower Isp),as will be discussed latefThe spacecraftor this analysisis assumed to
consist ofthreemain masseq1) the propulsion systen{2) power system, an@) propellant
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The mass of the propulsion system is dribagrthe capacitor specific energwhich is assumed to

be ~1 kJkg. This number is conservative enougimé¢ half of current state of the amardwarg

to includethe necessargablesand switchess part of this mass, as these masses will also scale
with capacitor massThe mass of the power system is based solar panespecific mass 0.2
kW/kg. And finally, the mass of the propellant systenprgmarily tankage an@éssumed to be
10% d the lithium propellant masswhile the propellant is solid lithium and would not require
significant tankage itselthe transfer, fed and liner formation equipment will be added mass
Thelastassumption worth noting is that this initial analysis assumed full propulsion capabilities
for all orbital maneuversincluding the Mars insertion orbit. Whileother Mars mission
architecturespropose aerocapture, it was deemexbt worth the propellant mass savings
increaserisk and uncertainty inherent with aerocaptufer this first order mannedmission
analysis.

As a reference mission a manned mission to Mars similar to that of the DexfgreriRe
Architecture (DRA) 5.0 was chosen. In doing so, it was not difficult to show the potential of
the Fusion Driven Rocket comparednioclearthermal propulsion systems in terms of trip time,
payload nass fraction, and initial launch masses. However, the implications of the FDR are even
more farreaching and warrant additional benefit analysis predeployed missions.
Furthermore, as a result of the high payload mass fraction associated with thergRtrie
missions with no preleployed assets

can be readily achieved. While thi 0 ‘ ‘ ‘ ‘ : :
ultimately may require higher fusiot —— SEP Mass (10) - - - Propellant Mass (10)
gains, they are not outside of tr — SEP Mass (20) = = = Propellant Mass (20)

.. .. . . 3 | —— SEPM =-==P Il M
anticipated limits of fusion yield. 10 aes (100) ropeliant Mass (100)

3.2.2Effects of Burn Time
With Isp determired various mission
parameters can be examined dagiven
DV. The Ilowest DV for a direct
interplanetary transfer is the solution f
the Lambert problem wheghortfinite
burns occur at the beginning and end
the transfer. While this is ideal from
mission perspectivet is notnecessarily 10— 20 30 40 50 60 70 80 90
an optimum from a propulsion systel Burn Time (Days)
point of view As part of this study a Figure 13 Mass of propellant and solar panel
90-day EarthMars transfer was system as a function of burn time for a gain of 20,
examined for a variety of infinite burr 40, and 100.
times usinghe FDR.

Figurel12illustratesthe DV requirements from aneday to a continuous 9@ay burn. It can
be seen that the faster astiongerthe burn the less demanding tH8V requirements as ¢
value approaches that of theambert solution. Howeveeven though th®V requirements are
less, shortened burn time requsn@ore energy in a shorter period of time, greatly increasing the
power requirementslhis tradeoff betweenthe mass of populsionsystem andV (mass of
propellant) are the major mass drivéor the spacecraft and missioesign.What is uniquely
different here with the FDR is that the solar panel mass scales with the jet power (for fixed
fusion gain) but the capacitor mass does not as the capacitors can be operated at higher or lower

23



rep rate to match power demand. The
solar panel mass must increase if
higher power is desired in order t
charge the capacitors at the higher r
rate.Figure 13 indicatesthe increasén
propellant mass and decredsesolar
panel mass as functisof burn time.
These twomass functios create an
optimal payload mass fraction for
given fusion gain, which can be see
for all possible gain cases within th
design space as shownHFigurel4. For
all fusion gainsthis optimal payload
mass fraction occarat around a 10
day burn time. For the expected gain
40 this results in a payload ma:s
fraction of 0.47 Ten days is alsthe
optimum burn time when considerin
initial mass, resulting in a minimum
initial massof 130 MT, which is consistent with a single ETO launch.

Figure 14: Payload mass fraction as a function of
burn time and total gain

3.2.3Effects of Solar Panel Size

From a mission perspectivaolar panel
size is determined fom a desired payload
mass fraction as shown ifigure 15. One @
the most importantonclusions illustratedby
this figure is that payload mass fraction doe
not vary significarly near the optimgpayload
mass fraction So while the optimal payloac
mass fraction of 47% atgain of 40 requires &
solar panel power 0546 kW, this could be
lowered to 300 kWwith a marginal change ir
the payload mass fraction to 459
Furthermoe, the initial mass of the spacecra
is also noparticularly sensitive tgolar power
ngar the optlmql vaIU(_a, agan be See_n n Figure 15 Initial mass as a function of
Figure 15. This is particularly true at highe required solar power for a gain of 20, 40, and
gains. Ultimately, it will be necessary to »qq
determine the value of these tramfés based
onthedesired characterissof specificfutureMars missions.

In summary,Table 1 lists several important mission parameters for the complete range of
fusion gain possibilities. It is clear that at an expected gain of 40 produces very favgpable
while keeping system mass and power requirementsdoa 90day transit taVlars. Everat an
extremely lowgain estimate of20, the Fusion driven rockedtill offers the best option for a
manned missioto Mars producingtransit time and payload mass fractisthat are not feasible
with any other propulsiosystem
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