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ABSTRACT are related to the fliculty of running the reactor at extremely
high temperatures (greater than 2000K) for extended p&riod
Building on previous work[] we present a dusty plasmaof time, and simultaneously storing hydrogen at low tempera
fission fragment rocket (DPFFR) for a manned mission to Calres (less than 40K) for extended periods of time.
listo. The designgort revealed tradeffs on the length of the In the case of NEP, the propulsion gas is generally xenon,

mission, the mass of the mode_rator, the shielding of the M@Hich is ionized and accelerated through high-voltagesyrid
nets, and the thrust of the engine that led to substantiat ¢ th of which are energized by the nuclear reactor. The ef-
straints. With'a system erjgine_ered rocket c'on'cept, we mnzﬂfz:)iency of NEP is directly related to theffieiency of con-
that the physics and engineering of a multi-gigawatt nLICIe9erting nuclear to electric power. The disadvantage of NEP

reactoyrocket for interplanetary missions is entirely posmblg that electrical conversiorfiiciencies are low, causing most

with technologies that we currently possess. The desiga d8lethe nuclear power to be dumped as unusable heat, so that
not include nuclear fusion, antimatter propulsion, ultiggh

. o . the thrust obtained is miniscule compared to the mass of the
temperature materl.als or super-emissive radlatprg, buﬂryzv_ system. Higher thrust per megawatt-thermal is only possibl
component, excluding the dusty plasma alone, is itself h'h'%t higher electrical conversiorfeiency, which presently is

TRL (technology readiness level) unit. Since the design B?c')portional to the temperature-dependent Carfiatiency.
pends upon the mission duration, we optimize our simulation In practice, both concepts are limited by the need to run

codes for acceleration, rather than thrust ofieiency. We h | he hiah bef h
conclude that a high-power reactor is a more significantcbactt € nuclear reactor at the hig e_st temperature. oetore tne nu
to shorter mission times than a highefieiency or thrust, be- clear fuel or fuel elements begin to melt or disintegrate. If
cause the fission fragments are an insignificant contribtaer"® reactors cou!d be run at higher temperature, th_en th? NTP
would achieve higher Isp, and the NEP would achieve higher

total thrust, which must also include an Isp-to-thrust cener. lectrical ‘ fixad Therefore it miaht b
Then the most critical component of a successful rockegdest €ctrical power for a fixed mass. Therefore it might be ague
at all previous nuclear propulsion techniquefesufrom in-

is the power-to-mass ratio of the nuclear engine. Sinceydu 2 hod | the fission fuel whil :
plasma fission fragment reactor is capable of multi-gigawaﬁ_ ehquate methods to cool the fission fuel while running at
power levels for a mass less than 300 tons, the DPFFR is Jl',lﬂ er temperature.

ficiently robust to accommodate all mission constraints. This makes the accomplishments of the DPFFR all the
more significant, because it not only provides the necessary
. INTRODUCTION nuclear power source for interplanetary travel, but it also

solves the cooling problem of operating a reactor in space.

All previous analyses of interplanetary manned missioAsgeneric fission fragment reactor is a nuclear reactor oper-
have concluded that only nuclear fuel provides the energyaling in vacuum in which fission fragments are continuously
mass, or energy density necessary for the lengthy trip. Tkatracted from the reactor core. A magnetic field is used to
is, due to the exponential dependence in the rocket equatizilect and collimate the fission fragments into a charget-pa
the delta-v needed for a short duration trip also necessitat- cle beam.f] The resulting charged particle beam is then avail-
gines with Isp greater than 1000 seconds, which is not plessiwle for either direct conversion to electrical powdrdr, after
with chemical fuels. neutralization and conversion of Isp to thrust (afterbuxres

The two most developed nuclear propulsion concepts h&@gource of thrust for rocket propulsiofy.[
been nuclear thermal propulsion (NTP) and nuclear electric In our dusty plasma design of a fission fragment reactor
propulsion (NEP). In both methods, the nuclear engine (iee Figurel), the fissile fuel consists of a cloud of nano-
a compact, self-contained unit that simply produces energsirticle dust € 100 nm diameter) magnetically confined to
while the thrust is developed from an external, expendadde @ reaction chamber, which nonetheless allows the fissign fra
source. ments to escape from the chamber while keeping the neutrons

In the case of NTP, the gas is hydrogen, which flovesfficiently dense to achieve criticality. The fuel particleslan
through the nuclear reactor, cooling it, and providing 90€ke fission fragments form a dusty plasma, but the signifi-
1000 seconds of Isp thrust. Théieiency of NTP is directly cant diference in both the energy per charge and the mass per
proportional to the Isp which is directly proportional teethcharge ratios between the fuel particlegg(E 10°eV/q, 1¢°
temperature of the nuclear reactor. The disadvantages Bf Nifnye) and the fission fragments/(E= 10°eV/q, 5 amye) al-



Moderator Heat Shield mance than NTP or NEP, is that the nuclear energy is extracted
Reacting Dusty Superconductors non-thermally and therefore with higheffieiency than either
Plasma Cloud NEP or NTR. As described above, the reactors in both NEP
and NTP are run at high temperature with subsequent Carnot
efficiency of the working fluid, whether it be thel000K
HeXe gas for a Brayton-cycle o¥2500K hydrogen gas for
propulsion. In contrast, the DPFFR magnetically extrauts t
54m@ fission fragments (FF) non-thermally, admittedly with some
unavoidable friction as the FF collide with other dust gsain
on their way out of the reactor. We can treat this partial-ther
malization as if the FF are composed of two populations: one
|""}__°-3 m that heats the dust when it is “stopped” inside a dust graid; a
, 2.8 m—» one that escapes the dusty plasma cloud with reduced energy.
11.5m — When comparing the original FF energy to that which is emit-

ted, we derive the 50-70% figure for the energy that is “lost”
Distribution Mw
Meste Eqmlest Mass incl30% MGA to friction, and is ultimately emitted as IR. The remainir@ 3
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FFRE System Total, mT 1134 TotalReactor Power 50% of the FF energy is kinetic energy at a velocity corre-
T B o ] i sponding to 500,000 seconds of Isp, where the precise amount
Gammas (5% to FFRE) =56 depends strongly on geometry and magnetic strength of the re
MagneticMimor 286 Other 70.2 actor design. Since the thermal energy of 2800K fuel is only
ExitFieldCoil 111 Thermal (IR) 699 about 1000 seconds of Isp, this 500,000 second FF thrust is
Moderstor 512 JetPower | 111 highly non-thermal, or conversely if thermalized, would-co
i Derfo respond to millions of degrees. Since the Carrféitiency
B s SO is (Tinitial - Ttinat)/Tinitial, the conversion of this million degree
Control DrumSystem 0.7 Thrust 43N (9.7Ibf)  component of nuclear power into electricity or into thruahc
ElectrostaticCollector 03 Exit Velocity 5170km/s  occur at greater than 90%teiency. Since this fciency is
Dstijetr 72 | SpedificImpulse | 527,000 far better than the 40% or 20% conversidfigéency of NTP
and NEP, the DPFFR has another factor of two or three im-
ShadowShield 738 Mass Flow 0.008 gm/s

provement in performance in thrust per megawatt of nuclear
Fig. 1. Schematic of proposed Fission Fragment Rocket. Fewer.
sile dusty plasma fuel is confined to dust chamber by electro- There are other refinements to DPFFR that may add a few
static fields. Fission fragments are reflected and collichate more percent improvement over NTP or NEP, such as the di-
the magnetic field, exiting the exhaust port to produce thrusrect conversion of FF to electrical energy using the “veareti
o i i blind” charging of high-voltage capacitors, or the direohe
lows the fissile dust to be electrostatically or magneyoadn- e rsjon of FF to thrust through Coulomb collisions in a dense
tained within the reactor core while the more energetlcdrs5|gas, rather then through enormous electric fields on a singly
fragments are extracted for power or thrust. ionized, low-density plasma. All these refinements, howeve
The large surface-cooling to volumetric-heating ratio @fre more a matter of practical engineering of less signiiean
the fuel particles enables them to radiate héaiotively to the than the order-of-magnitude improvement due to the first two
polished carbon-carbon mirrors with 95% reflectivity that dconsiderations, which completely determine whether DPFFR
rect the infra-red radiation (IR) out to space, or as neeitéal, is a viable alternative to the more developed NTP and NEP.
the powefthrust conversion modules. At these sub-microrhat is to say, this paper will mention but not discuss thatec
fuel particle sizes, the emission rate is high enough to aoahology of direct conversion of FF to electricity, or the dire
1 GW reactor, which enables the 50-70% of the reactor pow@nversion of FF to thrust, not because it is unimportarit, bu
that unavoidably goes into heating the fuel elements to bd shecause it is a small refinement to the more fundamental ques-
from the reactor as IR. There will still be heating of the ewgi tion of whether a space nuclear reactor can be run at high
from the neutrons and gamma rays emitted by the fissioniggwer without melting down. Therefore this paper will focus
fuel, but this is expected to be no more than 19% of the fon the power, mass, and acceleration constraints on thearucl
tal reactor power, so that for the same amount of radiatorsr@actor of a DPFFR model mission to Callisto.
NEP, the DPFFR can tolerate five times higher power levels.
This is the first, and most important reason that DPFFR can gX-oyvERVIEW OF DPEFR
ceed the megawatt level of NEP or the gigawatt level of NTP

nuclear reactors. The concept of a DPFFR was explained in our earlier
The second reason that DPFFR can achieve better pernf@aper,l] which we quickly review here. As discussed in the



introduction, the division of the fissile fuel into sub-noor
particles and their suspension as a dusty plasma permits tl
to simultaneously cool themselves radiatively, and enstdis o
fragments into the vacuum. An ambient magnetic field bc
confines the dusty plasma through field-aligned potentiads ¢ i
few volts, as well as direct the FF toward the exhaust port. B

Since the levitation of milligram quantities of dustyg
plasma has been accomplished in the laboratory ig gravi- 3
tational field, there is no concern that the acceleration I 0'5"
or less will detrap the dust. On the other hand, all dustyrpéasw
research to date has been performed on non-radioactive 3
and it remains an open question whether the charge stat™
fissile dust inside an operating reactor will perform simyla
For example, a simple calculation of the current carrieddsy ¢
parting positively charged fission fragments reveals thet-e
tromagnetic stresses will be an important part of the du =
plasma equilibrium, requiring some active control over tt 107910 107 107 10 107 10+ 107 10 .1 1 10 100
electron return currents from the walls. And of course, é¢he Neutron Energy MeV

are the unavoidable engineeringfdiulties of scaling up the

dust suspension from milligrams to tens of kilograms witd tIJ1:'fg' 2.t_Neutfron absc;eron crolss sdeﬁnons for tpolyethfy kﬁmg
accompanying collective plasma instabilities. All theslated a function of energy for normal and heavy 1Sotopes of carbon

problems of radioactive dusty plasmas will have to awaihboﬁmd hydrogen.
better experimentation and better theory, but we are cantfid reatest hurdle in the design rather than the details ofrtaler

that no laws of physics prevent the eventual success of SugLgyron cross-sections. Two factors turned out to be iraport

project. The_refore in thg modelg that we develop here, we fﬂ'achieving akes > 1: using an advanced moderator mate-
nore all details of the microphysics of dusty plasmas, amttrria| such as deuterated C-13 polyethylene: and minimizieg t

it as simply a static, low-density neutral fluid threaded gy t effective aperature of the exhaust port.
magnetic field through which the FF travel. _
While details of the dusty plasma equilibrium are beyond Advanced moderators were necessary because the density

the scope of this paper, we are able to calculate the dynanfitd1e fuél was so low that the probability of a neutron cap-
of the FF, the photons, and the neutrons emitted by the fisS{ES In One transit through the reactor core was much less tha
dust. That is to say, we assume a static distribution for tg€- Therefore each neutron had to make many such tran-
dusty plasma, but we calculate the dynamic equilibrium for §'S: Which is the characteristic of a “re-entrant” nucldar

the other components of the nuclear reactor needed to aitegy'9"- Many moderator materials that areetive in solid-

it into a complete rocket system. We break this down into fif@

re reactors have a neutron absorption cross-sectionsthat
overlapping pieces: the neutronics, the magnetics, thentie too high for a re-entrant design, so we had to carefully choos
management, the thrust, and the optimization procedure.
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moderators with low absorption cross sections, as we lifitest
in Figure2. We found that Beryllium, Carbon-13 and Deu-
terium all had sfficiently low absorption cross-sections, but

I11.NEUTRONIC ANALYSIS suficiently high scattering cross-sections to providieetive

In our previous work, we indicated that several nuCleg(?flectmr;rmoderanon.

fuels had significant advantages for reduced critical masls s~ The re-entrant design of the reactor also makes the ex-
as Ant42" and CP°L. Practically, however, the most abundaritaust port of the reactofffectively a neutron absorber whose
fissile materials are based of®¥and P33, and accordingly area had to be minimized. But if the port was made smaller,
our designs used these two materials. We used state-@frthéhe percentage of FF fragments that escape was also smaller,
software, MCNPX, to determine the “kfective”, key of the converting more of their energy into the heating of the dust.
design, where the fissile fuel was modelled as a low-denditjtially we thought we could resolve these conflicting re-
fluid suspended in a vacuum that was enclosed by a modepairements by “bunching” the magnetic field lines to direct
tor. Several of the neutron models included the magnetls cahem through a smaller exhaust port, as illustrated in figur
and the carbon-carbon reflecting heat shields, but from a n&uWhile this certainly allowed some FF to escape that would
tronics perspective, these were not as important as thgrdesitherwise be trapped, the increase in magnetic field stnengt
of the much larger moderator. As it turned out, the variodsie to the bunching acted as a magnetic mirror that reflected
DPFFR designs were nearly ifidrent to which nuclear fuelas many FF back in as it additionally directed out. The net
was used, since maintainingfBaient neutron density was thebenefit of this solution was negative, so we searched forothe



TABLE I. Rigidity of various fission fragments. the field strength is increased, the vacuum gap is decreased,
Fission Atomic Mey Charge amu Speed Tesla-| and the volume of moderator is reduced, and the mass is also
reduced. However, the increase in magnetic field strength

Frag. weight amu q q c meters ) _ T
Heavy 140 05 22 50 0.03 063 requires more magnet volume and higher current densities,
Light 95 1 22 43 005 060/ Which also increase the mass of the power supplies and the

Alpha* 4 1.42 2 05 005 0.33 coolingsystem for the magnets. In addition, when the mag-

Dust 18 103  -100 -16 10° o0.001 | netic field strength exceeds about 0.5 Tesla, standard coppe
electromagnets must be replaced with superconducting mag-
nets and a low-temperature cryogenic cooler added.

*Alpha particle from Thorium decay.

solutions. In our original “pancake” design (see Figutk the mag-
Bending the magnetic flux through a sharp corner withetic field was “capped” at one end with a mirror field, so as
out increasing its field strength could direct the FF through provide a single exhaust port for the FF. In this desiga, th
the exhaust port while neutrons remained trapped, but the ragnetic mirror necessitated a greater than 0.5 T fieldgtinen
tra volume required a greater mass of moderator as well. &l superconducting magnets. Later designs made the reacto
while we did find solutions that achievéd; > 1, it was at chamber “double-ended”, which removed the need for a mag-
the cost of increasing the DPFFR engine mass. This neagstic mirror, but we kept the requirement for superconduct-
sitated an optimization code that we will discuss in the lagly magnets on the assumption that this was an enabling tech-
section, but for the Callisto mission analysis that predatat nology. Accordingly, we modeled the magnets as a High-Tc
optimization, we made the contradictory assumption that T, ~140K) material with a cryogenic cooler, using a commer-
original “pancake” design of Figuré could have a large ex-cial software package, BiotSavart, to calculate the magnet
haust port for FF, but a small exhaust port for neutrons. Adiéld from proscribed current loops. Magnet mass and vol-
turned out, the optimized DPFFR with consistent exhaudspaime constraints were determined from empirical fits to both
achieved the same acceleration as the original designtdespie ITER accelerator and to superconducting power-grid con
the increased moderator mass, so that nearly all the defailgitioners presently in use. The magnetic field was used tetra
the mission—excepting the number of launches to assembl&mtrajectories using an ODE solver, and the resulting thrus

orbit-remained the same. calculated. By wrapping the magnet coils with 1 meter thick
moderator, a mass model for the entire engine could be deter-
IV. MAGNETIC ANALYSIS mined, and the thrust converted to acceleration. This accel

eration became the optimization goal of a software package

The FF are directed by the magnetic field from their origthat modified the shape of the conductors and currents of the
in a fuel grain to the exit port where they are neutralized andnductors. We discovered that if the mass penalty for farge
possibly converted from high-Isp low-thrust to low-Isp Iig magnetic fields was too small, the optimization code would
thrust plasma. The magnetic field is critical in keeping the Bhrink the vacuum gap between the fuel and heat shield by in-
fragments from colliding with the walls of the reactor chanereasing the magnetic field until we reached the materidtdim
ber, where they would otherwise heat and erode the carbohthe superconductors.
carbon heat shield and destroy the chamber. Since the FF have
approximately 2 MeYhucleon energies, this means that the This suggests that the magnetic field strength is not the
magnetic field must be strong enough that the vacuum gap &ical element of the design, since there is no abrupt-tran
tween the fuel and heat shield is greater than a gyroradisision at some specific value, but rather the incremental im-
Tablel shows the magnetic field strength necessary to conffii@vement depends on overall geometry considerations, If s
heavy and light fission fragments and alpha particles, whefi@én we can also reduce the magnetic field requirements to be-
clearly it is the heavy fragments that determine the necgssigw 0.5 T and thereby enable the use of conventional electro-
magnetic field strength. magnets, albeit at larger diameter due to the larger gyiiorad

Complicating this analysis, is that the gyroradius also dehe greater mass of the reactor with conventional magnets is
pends upon charge, and as the FF gyrate around the magmgiset by the elimination of the cryogenic cooler and associ-
field line, they lose energy to the dusty plasma cloud andiovated low-temperature radiators. Since these two itemsliarg
their charge state accordingly. We used several semi-@apircompensate each other, it would seem that the extra risk of su
theories to estimate both the energy loss and the equitibriperconducting magnets would only be necessary if there are
charge state for FF and discovered that the energy and chapgzific advantages to high-magnetic field systems in aaditi
state conspire so that the gyroradius is nearly a constdaheado the ones we have in our model. Nevertheless, the rough
FF plow through the dust cloud. Having removed this depanass equivalence of these two approaches means that the mis-
dence, we treat the gap between the fuel cloud and the tsan profiles will be identical, and in what follows, we have
shield as a simple function of the magnetic field strength. Asodeled the use of superconducting magnets.



V. THERMAL MANAGEMENT Thermal Control Schematic

As we discussed in our previous paper, the dust in t ] L Low Termperature
reactor becomes hot, not because it is emitting FF, but | Magnets § | Radiator(CH,)
cause FF are constantly colliding and passing through tee d [

which we refer to as “friction”. This frictional heating is & Medium
function of the geometry and magnetic field of the dust clou p-~==~ = Temperature
and can be as little as 20%, or as much as 100% of the | Moderator T A ux [---3 Radator
power. Whatever the power load into the dust, the cooli FIZIZ (H:0MHG)

mechanism remains the same—thermal emission to the w
of the reactor chamber. The walls remain cooler than t
dust both because they are polished so as to reflect IR i
the exhaust port, and because they are threaded with a h

=

Hx foooC

e

Heat S hield

i

temperature (roughly 1000K) NaK cooling system. If they a Hx

highly polished, then the dust particles “see” the walls &s ¢ I M Power
sentially space at 3K, so radiative thermal equilibriumeser Brayton Cycle :[_Q— Conversion
achieved, which is to say, the dust can radiate at the fudl r: Power HX Radiator
of AcT#. Since the dust is many hundreds of degrees hot Conversion | H0MH)

than the walls, the power radiated from the dust to the walls I ) _
much greater than from the walls to the dust, and we can kig 3. Details of the three thermal radiators.
h iati | to the FF heating of - o

guestdust radiative output power equal to the eating o ti%? the dust, but nothing in the phase transition suggests an
The FF power intercepted by any one fuel grain is propoart-)ruDt or positive feedback instability.

tional to its volume, while the thermal power radiated is-pro \(\thlle. datraon tgzborlllmg pcl;m'tllof Ura.m':m} rx;r(;%ils Ia;}c.k;w
portional to its surface area. Therefore the equilibrium—temg’ ranium dicarbide has a boiling point 0 » Whic

perature of any fuel grain is a strong function of the Size,s_uggests that a foggy plasma re_actorv_vill be stab_le overa con
Solving for the maximum nuclear power we can tolerate insgﬂerable range above the melting point. I_Dlugglng n 3800.K
40% dficient DPFER, we set, as a potentlally.stable foggy UN pIasma gives 62 GW maxi-
mum power. This suggests that even if the friction were t® ris
Pgrain = Prot X %friction/N = o0AgainT* = 4or?T# (1) to 100% and no FF exit the DPFFR so that the entire output
of the DPFFR were emitted as IR, there would be no danger
whereP is the powerA is the areaT is the temperaturer of a boiloff, for then the DPFFR becomes a GW model of an
is the Stefan-Boltzmann constant, adds the number of dust M-type star.
grains. Since the number of grains is fixed by the criticalsnas  Should the fuel begin to boil, or at least, start to convert
M, for kg > 1, we can solve foN given the densityp, to a gas, the equilibrium charge state of the gas at 4000K is

mostly neutral, and the gas would no longer be magnetically o

— 3
N = M/(4/3rr°D) @ electrically confined to the center of the chamber. The tesul
Combining equations then give us, ing expansion of the gas cloud (and loss through the exhaust
port) would decrease the neutron cross-section, and skt do
Piot%f (4/37r3)D/M = 4onr?T# (3) the nuclear reaction. Therefore the foggy plasma react®r ha
Piot = 3MaT4/(rD%f) @ @ built-in negative feedback that under normal circumstanc

cannot lead to nuclear runaway.

Using the melting point of Uranium mononitride (UN) at ~ More restrictive than the need to keep the fuel from boil-
3080K forT, 15kg for M, 14,300 kgm?® for D, 60% for fric- ing, is the need to handle the heat load from neutrons and gam-
tion, and 1000nm for, we get 26 GW as the maximum reacmas that penetrate the carbon-carbon heat shield and tleposi
tor power before the fuel particles began to melt. Even if théheir energy in the moderator and gamma shielding. While the
do melt, the Coulomb repulsion between the charged dropleést shield will provide a small amount of gamma and neutron
would keep them from coalescing so the reactor would cahielding, its primary purpose is to reflect IR, so we assumae t
vert from a “dusty plasma” to a “foggy plasma”. The physidsll 19% of non-FF energy is absorbed by the engine. There
of foggy plasmas is not well explored, though it is expect&dll be a small amount lost to the exhaust port, but once again
that the charge state on the droplets will be less than thattiis cannot be a large number or elsekhe< 1.
the dust (due to enhanced thermal electron emission) aihd tha Since the re-entrant nuclear design must use thermal neu-
the properties will smoothly interpolate from the meltir@int  trons, our advanced moderator must include hydrogen or deu-
to the boiling point. This changing charge state will havbéo terium, and must not contain any elements with large neutron
compensated by the electrostatic confining charge as is dahsorption cross-sections. This very limited palette @opes



can be combined into various molecular compounds, but BABLE Il. Concept DPFFR Mission to Callisto.

of them have the disadvantage that they bind hydrogen rather™ Attribute Comparison HOPE DPFFR
weakly. As a consequence, the moderator must be kept be- Payload Mass (CrewScience) 60 60
low 550K lest the materials dissociate and the hydrog&ugk Total Mass (mTonne) 3890 206
away. This temperature requirement requires active coalfn Dry Mass (mTonne) 460 303
the moderator, which we refer to as the medium-temperature| Total Radiator () 3498 6076
radiator, see Figur@. Note that the Prometheus NEP mission | continuous Power (MW) 34 1000
used a fast-neutron reactor so as to dispense with both moder| Thrust (Ib-f) 126 10
ator weight and moderator radiators, which is not possite f Specific Impulse (s) 8000 527,000
our re-entrant reactos] Acceleration (milli-g) 0.063  0.016
Therefore the thermal management for the DPFFR must| outhound Trip (days) 833 2665
include a high-temperature radiator scaled to handle 19% of| Return Trip (days) 693 2854
the full power of the system, which in our design below, is | Total Duration (years) 45 16

over-engineered to a 1GW heat load, corresponding to the non
FF power of 5 GW reactor.
is the realities of this high-Isp, low-thrust DPFFR that sau
V1. FISSION FRAGMENT THRUST the mission to Callisto to require 16 years.
This is not a fatal flaw, however, for if additional gas is
The DPFFR provides thrust by directing FF out the estroduced into the FF exhaust, Coulomb collisions with the
haust at~2% of light speed, §1¢° mys, which when divided peytral gas are sficient to both accelerate and ionize it. Con-
by constantg, the acceleration due to gravity at the Earthgerying momentum, we haveV = Mv, so a 100-fold reduc-
surface, gives 500,000 seconds of Isp. In principle, thgelakion in FF velocity,V, corresponds to a 100-fold increase in
amount of energy emitted as heat or IR could also be harvesiggks loadingM, and a 99% inelastic heating of this additional
for thrust, in much the same manner as a NTR heats a gas @l Using our previous formula for the thrust, we now have
directs it through a Laval nozzle to generate thrust. At Iowhe same input energy but gtL00 the Isp, resulting in 40 kN
ered dficiency, the heat or IR could be converted to electrigf thrust at Isp:5000 seconds, which for a DPFFR of 300 met-
ity, and the gas could be electrically accelerated as is @ongjc tonnes dry, has an acceleration of 0.1&%0r aboutg/75.
NEP. These alternative methods of converting nuclear gneygnijle the thrust is greatly increased by mass-loading the FF,
to thrust remain viable options for the DPFFR as well, wilhe wet mass of the rocket is increased by this addition ef thi
the added twist of having megawatts of IR radiation avaélabhert material, and therefore we search for an optimal vidue
as an ionization or heat source for the gas. the Isp, choosing the minimum travel time as our optimizatio
The focus of this paper, however, is to explore the propgfiterion. In order to calculate the travel time for such eket,
ties of the FF themselves for potential thrust, since FF&lgfe simplify the trajectory calculation by assuming thaf ks
can provide the enormous Isp needed for truly distant migp s acceleration and half is deceleration. Then giveisa d
sions. That is, optimizing a mission profile for the minimufynce to Mars 0-140Gm and depending on the dry mass of

travel time finds an optimal Isp for a selected target missigRe engine, we find an Is10,000 seconds for a duration 50
dependent on the payload and rocket combinatipmpply-  gays is optimal.

ing these criteria to our DPFFR show that the optimal Isp for
Mars is on the order of ten thousand seconds, which rougm}/n
doubles for Jupiter and higher for Pluto or the gravitatlongf N
lens point at 550 AU. Since down-converting high/lep- |
thrust to low-Isphigh-thrust is trivial compared to the mucq
harder problem of up-converting Isp, this paper will focuns

the thrust of pure FF. For if we can design a pure FF thruﬂanetary transport system justifies the the further dratmnt

we gain not only the abll!ty to e_xpl_ore the distant solar ems,t_ of the DPFFR and motivates our system engineering design
but through Isp conversion, missions to all the nearer Mjeﬁelow

as well.

The amount of thrust generated at high Isp is roughly,
VII.OPTIMIZATION OF DPFFR
Per = 1/2(dnydt)v? (5)

Thrust= d(mw/dt = v(dm/dit) = 2P | 6 The optimization code involved drawing up a moderator
(my/ (drydy e/ (@lep ©) design in MCNPX that achievekl; > 1. The magnetic field

Then if we have a 2.5 GW reactor producing 1 GW of Feoils were then modelled with BiotSavart and adjustable cur
power at 500,000 Isp, we are generating all of 400 Newtonsrefits. The dust was modelled as a low density fluid confined
thrust, or barely enough to escape the Earth’s gravity well.to a cylindrical shell. The thickness of the shell or height o

This additional thrust is achievable without the complica-
of high voltage grids whose finite lifetime limits thertist

EP. Additionally, the DPFFR has a smoothly adjustable
sp, making a single engine capable of optimization for mul-
iple destinations. While the design of this “afterburnes” i
eyond the scope of this paper, its promise of a flexible inter



table comparing the two missions.

While the engine performance of the HOPE mission is
optimistic, the principal dference between the two missions
lies in the acceleration, which is a direct consequence ®f th
low thrust of the DPFFR. As we discussed earlier, this is eas-
ily remedied with an afterburner that converts excess Igp in
thrust. While this is the topic of current research, the preli
nary calculations above show that tuning the Isp to the issi
will allow the DPFFR to outperform the HOPE mission with-
out making any great changes to the system engineering.

Fig. 4. Artist’'s conception of a deep space mission powerﬁg:KNOWLEDGM ENTS
by fission fragment rocket.

the cylinder was one of the fit parameters. The volume was \ye thank NASA grant NNH11ZUAOOLN #11-11NIAC-
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relativistic ODE particle tracer, the energy loss to thet}dusanalysis of the Callisto mission, and especially Tom Percy’
fluid was calculated using semi-empirical energy loss fdamu,p o advice.

the particle energy adjusted accordingly, and a new equilib

rium charge state calculated. When the particle lost allits & cFERENCES

ergy, or had exited the engine, the next particle was traifed.

any of the FF struck the walls of the engine, we reran the runR. L. CLARK and R. B. SHELDON, “Dusty Plasma
at higher magnetic field to avoid this failure mode. Statssti Based Fission Fragment Nuclear Reactor,” in “41st
on the fate of ten thousand FF particles was calculated tdr ea  AIAA JASME/SAE/ASEE Joint Propulsion Conference,”
run, giving a statistical error of/(n)/n <1%. (2005), vol. 2005-4460, pp. 1-8.

The fit parameters were then adjusted, modifying tl2e G. CHAPLINE, “Fission fragment rocket conceptyu-
magnetic field strength or thickness of the dust cloud. Ife  clear Instruments and Methods in Physics Resear@vA
ometry of the dust cloud changed, the moderator was assume@d07-208 (Aug. 1988).
to adjust as well. In early runs, thé&ieiency of extracting FF 3. M. M. EL-WAKIL, Nuclear Energy Conversigintext Ed-
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and J. GILLAND, “High Power MPD Nuclear Electric
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As we discussed in our earlier paper, the DPFFR must beogy and Applications International Forum - STAIF 2003,”
operated in a vacuum, and to prevent radioactive contamina{Jan. 2003) American Institute of Physics Conference Se-
tion of the Earth’s atmosphere, (which as discussed easlier ries, vol. 654, pp. 837-843.
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in orbit so that conventional rockets deliver the composémt
a dock at the L2 Lagrange point. We then model a deep space
probe launching from a dock at L2, a 6 month rendezvous with
Callisto, and returning to its dock at L2. This mission wasoal
studied for a conceptual NEP rocket called “HOPE" ] and
to demonstrate the significance of the DPFFR, we construct a
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