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Abstract capable of generating large amounts of jet poRRjgd (Because
the thrust-to-engine weight ratié-(kg)/Mw(kg) = 20000,

Rocket propulsion driven by either thermonuclear fusion or (kW/kg)/gé Isp (S)] of & spacecraft is directly proportional to
antiproton annihilation reactions is an attractive concept bethe engine specific powex§=Pje/Mw), large values af, are
cause of the large amount of energy released from a smaliequired to provide the acceleration levels necessary for rapid
amount of fuel. Charged particles produced in both reactiondransportation of cargo and personnel throughout the solar
can be manipulated electromagnetically making high thrust/System. An analysis of the yield from various energy sources
high specific impulsé ¢ operation possible. A comparison of (Table 1) |nd_|cates_that only the nuclear fuels (_f|SS|0n, fusion,
the physics, engineering, and costs issues involved in usingnd synthetic antihydrogen fuels) can provide the power
these advanced nuclear fuels is presented. Because of tHgduirements fortomorrow's high-thrust/hitgyspace drives.
unstable nature of the antiproton-protpp)eaction products, For convenient interplanetary travel to become a reality,
annihilation energy must be converted to propulsive energyPropulsion systems capable of operating in the middle to upper
quickly. Antimatter thermal rockets based on solid and liquid fight portion of thePje vs Iy plane (shown in Fig. 1) are
fission core engine designs offer the potential for high thrustréquired. Classical chemical)propulsion systems (occupy-
(~1CIbf)/highlp(up to ~2000 s) operation and 6 month round Ing the left-hand side of Fig. 1) have a high-specific power
trip missions to Mars. The coupling of annihilation energy into capability p, =1550 kW/kg for the Space Shuttle main engine
a high-temperature gaseous or plasma working fluid appear§SSME)] but the power per unit mass of ejected matter is small
more difficult, however, and requires the use of heavily shieldedi-€., these systems operate at lgyy and great quantities of
superconducting coils and space radiators for dissipating unuseropellant are needed to essentially push propellant around.
gamma ray power. By contrast, low-neutron-producing Electric propulsion (EP) systems use power from an onboard
advanced fusion fuels (Cat-DD or D?-)produce mainly stable nuclear power source to accelerate propellant to high-exhaust
hydrogen and helium reaction products which thermalize quicklyVelocities (sp= 10-10"s). However, the added weight of the
in the bulk plasma. The energetic plasma can be exhauste@ower conversion and heat rejection systems and the efficiency
directly at high s, (=10°s) or mixed with additional hydrogen  toll of multiple energy conversion processes result in a low-
for thrust augmentation. Magnetic fusion rockets with specific SPecific power (~0.1 kW/kg) and restrict EP systems to low-
powers @ip) in the range of 2.5 to 10 kW/kg ahgin the range thrust operaﬂ_on. Their high payload mass fraction capability
of 20,000-50,000 s could enable round trip missions to Jupitefan be exploited, however, for deep interplanetary or cargo
in less than a year. Inertial fusion rockets wigf»> 100 kW/kg ~ transport missions. _ _
andlgp> 1®s could perform round trip missions to Plutoinless ~ Direct thrust nuclear propulsion systems (based on increas-
than 2 years. On the basis of preliminary fuel cost and missiongly more sophisticated forms of nuclear energy conversion)

analyses, fusion systems appear to outperform the antimattdirovide the means of accessing the high-thrust/hjgarea of
engines for difficult interplanetary missions. parameter space. Solid core fission thermal rockets (SCR) use

the thermal energy released in the fission process to heat a
working fluid (typically hydrogen), which is then exhausted to
. provide propulsive thrust. The SCR has a specific impulse
Introduction potential comparable to the electrothermal (ET) thruster°’(s~)10
yetdeliversthrustlevels equivalent to those of chemical engines
A high-performance rocket system must operate with both &~10° Ibf). The performance of the SCRis limited, however, by
high-specific impulsdsp and a low-mass powerplarii) the melting temperature of the fuel, moderator, and core structural

*Work performed while author was with Aerojet Propulsion Research Institute, 1987.



Nuclear propulsion is currently receiving greater attention

1ot N 1 by both NASA and the U.S. Air Force. In Refs. 3 and 4, the Air
Force has identified the direct fission thermal rocket and the
1010 \ N7 antiproton annihilation engine (MAR) as systems worthy of
\% development. The interest in antimatter is attributed to the fact
\ N that it is a hig_hl_y Concentrat_ed form of energy_storage (see
109 \\r Table 1). A milligram of antihydrogeH [consisting of an
b th}x antiprotonp and a positros’ (an antielectron)] reacted totally
\3(\2 ) with the same amount of normal hydrogen possesses an energy
108 N content equivalent to ~ 13 t (1 metric ton (t) 3 kQ) of LO,/

LH,. Although syntheti¢! is definitely a “high-test” propel-
lant, itrequires a large energy investment and will be expensive
to manufacture (~$f@/g assuming commercial electricity
usagé), and difficult to store and manipulate. Estimates by
Howe et af indicate that a production facility capable of
generating a gram of antiprotons per year (xlcés pls
assuming continuous year round operation) could be possible
by the year 2010 on the basis of antiproton production extrapo-
lations. Assuming an overall energy efficiency of A6

(Ref. 7) (a factor of ~140improvement over current Fermilab
capabilities), the power requirements necessary to drive a 50%
efficient production accelerator would be ~45 GW; 1 GW =
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103 %/ / 10° W (equivalent to the total power output of ~15 commercial
| 103 ? 1 / nuclear power plants).

oA / // A i In _addition to the cos_t and produc_:'Fion issues_, _Wh_en one

1021 - considers the technological complexities of annihilation en-
102 103 104 105 106 107 gines involving 1) antiproton storage, extraction, and injection,
Specific impulse, sec 2) magnet and cargo shielding against copious amounts of

Figure 1.—Fusion and antimatter engines offer possible penetrating gamma radia“?”' and 3) the _ConverSion of
performance capabilities over a wide range of parameters. “unstable” and very energetic charged reaction products to

thrust, it appears that fusion systems could offer substantial

materials. By operating the fuel in a high-temperature fissioningdvantages over antimatter systems. These advantages include
plasma state, the gaseous core thermal rocket (GCR) can exhal)gproven fueling, heating, and confinement techniques, 2) stable
propellant at substantially higher values of specific impulse [ithydrogen and helium reaction products, and 3) an abundant fuel
the range of electromagnetic (EM) and electrostatic ion (ESBupply.
thrusters ~ 3000-6000 s]. The purpose of this chapter is to compare various antimatter

Still higher values oty (~5000-168 s) are possible with and fusion rocket designs in an effort to obtain a clearer
controlled thermonuclear fusion rockets (CTR). Fusion systemsnderstanding and potentially quantify the advantages and
based on magnetic and inertial confinement fusion (MCF andisadvantages of each system. The areas examined will include
ICF) can bridge the gap between fission systems (exampleswiission capability, fuel costs and availability, and technology
which are the nuclear-electric, nuclear-thermal, and nuclearequirements. In Sec. Il, the characteristics offineeaction
pulsed (NP) Orion type concepts shown in Fig. 1), and thand the various fusion fuel cycles are presented. Some of the
relativistic mass annihilation rocket (MAR) of the more distantissues touched on include the energy yield per reaction and its
future. An examination of the various possible MAR configura-distribution among charged particles, neutrons, and gamma
tions-2indicates that antimatter propulsion need not be restrictagdiation, and the requirements on engine design of utilizing
to the purely relativistic range of exhaust velocities shown irstable vs unstable reaction products for propulsive purposes. In
Fig. 1. In fact, in the studies reported thus far, there is a heaBec. Ill a variety of antimatter and fusion propulsion concepts
reliance on the concepts and technologies presently beirge described. Comparisons are also made between the differ-
developed in our nation’s fission and fusion research programent MAR configurations and their fission/fusion analog. Simple
This should not be too surprising, however, because fission ameeight estimates and engine performance parameters are pre-
fusion reactors are annihilation engines in their own right [albegented and used in a mission performance analysis, the results
inefficientin terms of the total mass fraction converted to energgf which are found in Sec. IV. A summary of findings and the
(see Table 1)]. conclusions drawn from them are presented in Sec. V.



Table 1 Yield from various energy sources

Reaction Energy release, Converted mass
Fuels products Jikg fraction
Em=ad O am m-m

ME—=——10
o om  moQ

Chemical:

Conventional: (LQ/LH,) water, hydrogen, 1.35¢10/ 1.5x10°10

Exotics: atomic hydrogen,common hydrogen, 2.18x10° 2.4x107°

metastable helium helium (H&) 4.77%10° 5.3x107°

Nuclear fissiof:

U233 2%, pp30 radioactive 8.2x10'3 9.1x107

(~200Mev/F3® fission) fission fragments,

neutronsy-Rays

Nuclear fusioft:

DT (0.4/0.6) helium, neutrons 3.3810 3.7510°3

Cat-DD(1.0) | hydrogen, helium, 3.45¢10M 3.84x10°3
neutrons

DHe? (0.4/0.6) hydrogen, helium 3.5%10M 3.9x10°3
(some neutrons)

pB11(0.1/0.9) helium 7.3%1018 8.1x1074
(thermonuclear
fission)

Matter plus antimattér  Annihilation
radiation

Pp (0.5/0.5) pions  [] ox1016 1.0
muons  HNeutrinos
electronsgsr::y s
positrons

3Am is the change in mass between reactan)safid productsn).

by233 Y235 P39 gre fissile isotopes of uranium and plutonium.

“Weight composition corresponds to a 50/50 fusion fuel mi» Cat-DD is the catalyzed DD reaction  n
enhanced by burnup of reaction tritons (T) and helium-3)(hieclei with deuterons (D) in situi
is the fusionable isotope of boron.

dproton and Antiproton indicated Ipyp.

Considerations in the Use of Antiproton specific energyHsy) ~10° times that of fission and ~3@mes
that of fusion, this parameter can be misleading when viewed

and Fusion Fuels within the context of an actual propulsion system. For example,
the fission processEép ~8.%1013 J/kg) has a theoretical
The energy content, reactivity, portability, availability, and maximum specificimpulsdas{p=(2Esp/g§)1/2] of~1.2%106s
practicality (in terms of charged patrticle output) are importanfassuming all of the fissionable mass is available for thrust
considerations in the preliminary design of possible antiprotogeneration). This is not the case in real reactor engine system,
and fusion propulsion systems. A large energy yield per reactidmowever, where the energy liberated in the fission process
or per kilogram of fuel is valuable only if it can be effectively appears as heat in the reactor fuel rods. The core assembly is
used for propulsive thrust. Whereas antihydrogen fuel has maintained at temperatures compatible with structural



requirements by flowing liquid hydrogen through the reactor. Irdesign by the available technology, hardware requirements for
the NERVA nuclear rocket engi?leydrogen temperatures of storage, extraction and injection of hard-to-handle cryogenic and/
~2500 K at the nozzle entrance ledl¢g values of ~825 s. or exotic fuel supplies can lead to excessive weight penalties (in
[Unlike the solid fission core reactors, in a magnetic fusiorterms of refrigeration mass, complex electromagnetic containers
rocket engine the fusion fuel exits in a high-temperature plasmand transfer conduits, shielding, etc.) that may further degrade the
state and plasma power can be extracted using a magnetierceived benefits of the fuel source.

diverter/nozzle configuration (discussed in Sec. lll).] Whereas

thelspof fission engines can be improved significantly by goingFusion Fuels

to a gaseous fission core sys?etin the case of a solid core

engine, technology limitations effectively reduce the specific Table 2 shows the energy release and the reaction products
energy of the fission fuel to =30 J/kg - only a factor of ~2 better associated with the various nuclear fuels. In the fission process
than LG/LH». In addition to the constraints imposed on enginea heavy uranium nucleus such astis splitinto two fragments

Table 2 Released energy and products from various nuclear reactions

Typical fission :

235, 1 137 97 1 ~
U+ gnt o ggBarT 45, Kol +2gn +AE (=200MeV)
Fusion :

2 2 50% 3, pnl -
1P“+D N {72+~ + AE (=4.03MeV) proton branch

50%
3 1
— pHe +gn + AE (3.27 MeV) neutron branch

2. 13 4, 1 _

D2+, T3 — Het+ g+ AE(= 17.6 Mev)
2 3 4, A _

D+ He3 . He+ ph+ AE(= 18.3 Mev)

61D2 - 22He4+21p1+20n1 (AE = 43.2 MeV) catalyzed-DD
100% burnup of
T and He® with D
1p1+5811 - 32He4+ AE (= 8.7 MeV) thermonuclear fission

Pp Annihilation :

p+p- mrC + it + e+ AE (=1213 MeV);m=n=1.6

0 84 as?
T asa 2y (Ey =200 MeV)
b
n 70_nsE| u+ +vu (muon neutrino)
- 70 ns

T —F] U_+v|_1

c _
Tl B e +V, + Vg (electron antineutrino)
+ + v
m 6.2 us ¢ +ve+v“
e +e L2y (E, =0511 Mev)

aAttosecond = 1018 s.
bNanosecond = 18's.
CMicrosecond = 1P s.



with a release of considerable energy and the emission sburce (~18kg) of He’ deposited on the lunar surface by solar
neutrons and gamma rays. Energy can also be generatedvioynd bombardment? It is estimated that this reserve could
fusing together light elements provided the temperature of therovide adequate Héor both propulsion and power production
ionized mixture is sufficiently high (on the order of 8100 K) for many decades or until such time as the vast reserves
for the positively charged fuel ions to overcome their coulomh§~1023 kg) of He® from Jupiter can be tappéa.
repulsion. The fuel cycles with the greatest reactivity at tem- A final item of significance which could impact future DHe
peratures below 100 KeV (1 keV = 116’ K) involve the  usage deals with recent theoretical and experimentall\%lb?k
hydrogen isotopes deuterium D and tritium T and the heliunon the use of spin-polarized fusion fuels. Indications are that
isotope HE. The energy liberated in the fusion process isspin polarization of the DHeuclei (prior to reactor injection)
partitioned among the reaction products (which includes newan enhance the fuel’s reactivity by 50% while simultaneously
tronsn, hydrogerp and helium Hé) and appears in the form of suppressing the troublesome neutron-producing DD side reac-
kinetic energy. The DT cycle has the largest reaction rate at lotions. If the perceived benefits of spin polarized fuel are borne
temperatures<(15 keV). Unfortunately it releases 80% of its out in the future a clean, fusion-powered, manned planetary
energy in energetic (14.1 MeV) neutrons which can only bé&ansportation system could be available in the first half of the
recovered in a complex tritium breeding blanket structure usinglst century. Finally, on a longer time scale the proton-based
thermal conversion equipment. Substantial quantities ofshiqubB11 (boron-11 isotope) fuel cycle could lead to a superclean
ing are also required for protection of crew and equipmerfusion engine which exhausts only helium-4 nuclei produced by
(primarily the superconducting coils used to generate the plasnagusion reaction which is equivalent to thermonuclear fission.
confining magnetic fields). The excessive weights involved in
using DT appear to rule out its use for propulsion systems. Antiproton Annihilation

The DD fusion reaction is characterized by two branches (a
neutron and a proton branch) which occur with roughly equal In contrast to the positron—electrog’d€) reaction which
probability. By burning the tritium and Ifieesulting fromthese emits two 0.511-MeV gamma rays, the antiproton—prgiph (
energy-poor reactions in the DD plasma itself, a catalyzed Dibeaction shown in Table 2 releases its considerable energy
(Cat-DD) burn results, which has a significantly improvedcontent (~1876 MeV/annihilation) primarily in the form of
energy output (~14.4 MeV/pair of DD fuel ions burned). Inrelativistic neutral and charged pions fonesons). Each pion
addition, greater than 60% of the energy output from a Cat-Dpossesses an average total enefgy Eg + AE=yEqg, y=1+
reactor appears in the form of charged particles (protons adE/Ep)] of ~390 MeV which consists of the particle’s rest mass
He4). The attractiveness of the Cat-DD fuel cycle is that it is selfEg and kinetic energftE components. The charged pions carry
sufficient, i.e., it requires only naturally available deuterium aither a unit positiver(") or negative1i) electron charge and
the main fuel feed. It is also relatively inexpensive (33@ each has arest mass energy of ~140 MeV. The neutrahg)on (
(Ref. 10) and abundant (estimates of the deuterium contentlivas zero electric charge and is slightly lighter at ~135 MeV.
the Earth’s oceans and surface waters are placed ]a?tt}.lo With roughly 1.6 of each type of pion being produced per

The DHE reaction is particularly attractive for propulsion annihilation, the total kinetic and rest mass energies attributed
application and has the largest power density of all of théo all pions is ~1212 MeV and 664 MeV, respectively.
advanced fusion fuels over the temperature range of Because the pion reaction products are unstable, several decay
~45-100 keV. Neither of the fuel components are radioactivechains occur before the fuel mass is converted totally to energy.
and both of the reaction products that is, a 14.7-MeV proton anthe neutral pion decays almostimmediately into two high-energy
a 3.6-MeV H& nuclei or alpha patrticle, are charged makinggamma rays each with an average energy of ~200 MeV. The
magnetic extraction and thrust generation possible. The charggdneration of gamma-ray power will be substantialinan MAR and
plasma can be either exhausted directly at high representsaboutone-third ofthe energy releasedipteaction.
(~1O'5—1(f3 s) or mixed with additional hydrogen reaction massThe charged pions, with a relativistic mean lifetitae/fp, tg = 26 ns)
in a bundle diverter/magnetic nozzle for thrust augmentation aff ~70 ns, decay into neutrinos and unstable charged nipnas (
lower Igp (2104 s). This interchangeability of thrust ahglis 106 MeV). Casserltf has estimated the distribution of energy
one of the potential operational advantages of fusion propulsioamong the muons and neutrinos following the decay of the charged

In addition to its relative cleanliness (<5% neutron powepions in vacuum. His results indicate that the neutrinos carry off
produced via DD side reactions), the Iﬁrdgcle has an appre- ~22% of the available pion energy (~1248 MeV) whereas the
ciable energy vyield, i.e., a kilogram of Dﬁéwith a 50/50 muonsretain ~78%. The unstable muon, having an average energy
weight composition) produces ~2EP times more energy than of~300 MeV, also decays (in ~&) into an electron, or positron,
a kilogram of LGQ/LH»,. Until recently, the problem with the and two neutrinos as shown in Table 2. The energy appears to be
DHe® cycle has been the lack of abundant naturdidAeEarth.  about equally distributed among the three particles with the
This has changed with the identification of a potentially abundanteutrinos carrying off ~2/3 of the available energy. Ultimately, the



electrons and positrons can also annihilate yielding additional Specific impulse values more appropriate for interplanetary
energy in the form of two 0.511- MeV gamma rays. The neutrinogavel (~5000— 20,000 s) should be possible by allowing the
are considered to be massless and move at essentially the speethafged pions to transfer their kinetic energy collisionally to a
light. They are extremely penetrating and rarely interact witlworking gas. The resulting exhaust would have nearly the same
matter. Under vacuum conditions the various muon and electr@nergy content as the charged pion exhaust (assuming negli-
neutrino particle—antiparticle pairs carry off ~50% of the availablgjible losses for dissociation and ionization) but would generate
annihilation energy following pp reaction. increased levels of thrust due to the higher mass throughout. To

The designer of antiproton propulsion systems, aware of thigchieve collisional coupling, the slowing down or stopping time
annihilation history, must device reactor/rocket engine configuef the charged pions in the working gas/plasma must be less than
rations capable of 1) utilizing the tremendous energy content @iie pions mean life time. If the charged pions or muons decay
thepp reaction products and 2) effectively accessing that rangsefore dissipating an appreciable percentage of their kinetic
of exhaust velocities required for a particular mission. Becausenergy into the host gas/plasma, an increasing portion of the
eacht® meson decays almost immediately into two gammavailable annihilation energy will be lost in the form of unrecov-
rays, the particles which must be dealt with for thrust generatiograble neutrinos. This dissipation process is not trivial. As an
include 1) the high-energy charged pions (bothrtheneson  example, we consider an antimatter rocket with a hydrogen
and its antiparticle, thg” meson), 2) the generations of decayworking gas and a reaction chamber pressure and temperature
charged particles which follow (muons, electrons, and positronsdf 200 atm (1 atm = 1.0%30° newtons) and 3000 K (corre-
and 3) 200-MeV gamma rays. The charged particles can lsponding to ais,~1000 s). At these conditions the dengibf
either exhausted directly at higdp using a magnetic nozzle as Hy is ~1.6%10°3 g/cmg. The corresponding range of a
discussed by Morgal?, or they can be trapped in a magnetic250-MeV charged pion is ~47.1 g/&m= 290 m (Ref. 17) and
container and their kinetic energy used to heat a workinthe stopping time AE/SPp-V)is ~0.3us (~13Qus at 2000 atm).
propellant>1®for lowerlg, operation. HereSPis the stopping power in MeV-ciy (Ref. 17), and is

To put the energy in the charged pions to use for direthe average velocity of the charged pion. These values are orders
propulsive thrust, an axially diverging magnetic nozzle conef magnitude larger than the mean range and lifetime of the pion
figuration can be employed to convert the perpendicular enerdy vacuum. As a result, magnetic fields will be required to
of the charged pions to directed energy along the nozzle axis. Abntain the energetic charged pions (and muons) within the
a kinetic energy of 250 MeV, the directed pions will exit thereaction chamber, and superconducting magnets (requiring
nozzle at an exhaust velocity\gf, = 0.94c (corresponding to negligible recirculation power) will be a critical component of
algp= 28.8x10° s). Assuming engine operation at the 100-Ibfthe annihilation engine design. Finally, because the average
thrust level, the corresponding jet powerPig; (= FVey/2) kinetic energy of a charged pion is roughly a factor of 20 larger
=62.7 GW. Associating this power level with the charged piomhan that of the most energetic fusion reaction product (a
exhaust (~2/3 of the total generated annihilation power), ong4.7-MeV proton from the DI—?ereaction), the pion gyroradius,
finds that ~31.4 GW (~2x1.0'° Ci) of 200-MeV gamma-ray given (in mks units) by
power is also being generated. Shielding sensitive spacecraft

components (such as crew, ship electronics, and both cryogenic ) \l2

and superconducting coil systems for the magnetic nozzle) Fayro(M) :(V ‘1) [mnc/eB(T)] @
against this level of radiation and dissipating the heat appears

impossible. will be more than twice that of the proton for a given magnetic

Depending on power level, the decay gamma energy can Bg|d strengthB. [The parametersande are the speed of light
recovered for propulsive purposes using aregeneratively coolegg the electron charge (1.6a®2° C), respectively.] To
tungsten shield. Hydrogen flowing through channels in thensyre adequate containmentin antimatter rocket engines, mag-

shield and exiting at the nozzle throat could provide cooling fopetic field strengths higher than those currently being contem-
both components, as well as a source of hot hydrogen for thrygted for use in fusion reactors will be needed.

augmentation. However, the exclusive reliance on this open-
cycle coolant mode deprives the antimatter rocket of one of its
operational advantages, namely, the wide range of interchan : : :
ability of thrust and specific impulse. Operational flexibility Canq?usmn and Antlproton PropuIS|on

be maintained by employing a closed-cooling cycle spacéONcepts

radiator system (discussed in Sec. lll) capable of responding to

thrust variations by varying the number of primary radiator Rocket propulsion driven by thermonuclear fusion or anti-
modules in use. With such a system, an adequate cooling ley@bton annihilation reactions is an attractive concept: a large
is possible even during hidh, operation when the hydrogen amount of energy can be released from arelatively smallamount
flow is reduced. of fuel, and the charged reaction products can be manipulated



electromagnetically for thrust generation. Propulsion systems 10-20
deriving their energy from these high-energy density fuels have
the potential to simultaneously demonstrate large exhaust ve-
locities and high jet power levels. However, these advanced
propulsion reactors will be quite complex and must be designed
to be portable, compact, and self-contained. This set of criteria
will necessitate the development of lightweight reactor/driver
systems, radiation shields, high current density superconduc-
tors, cryoplants for magnet/propellant maintenance, power con-
version equipment for reactor startup and operating support,
heat rejection systems for waste heat, magnetic nozzle design§
for thrust generation, and structure for reactor support ancFE 1
spacecraft integration. In the case of antiproton fuel, complex -
electromagnetic containers and conduits will be required forg
storage, extraction and injection of this volatile fuel. Fortu- v
nately, a major component of a fusion (and possible an antipro-
ton) power plant, namely, the vacuum pumping system, should
be considerably simplified for space-borne reactors.
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Magnetic Confinement Fusion 10-25

Fusion reactors based on the magnetic confinement concept use
superconducting coils to generate the strong magnetic fields
needed to confine and isolate the ultrahot power-producing plasma
from the reaction chamber walls. The fusion plasma, consisting of
positively charged fuel ions and negatively charged free electrons,
has a kinetic pressure which can be expressed as a percentage of Figure 2.—A comparison of DT and advanced fuel
the confining magnetic field pressure through the use of the local ~ reactivities.
plasma beta valu@,defined (in mks units) by

10—26 A (I ||||||| L ||||||| (I |||||||
10 102 103 104
T, KeV

wherek' = 6.18x<10%. Equation (4) shows that for a maximum

Nk T, +nkT, magnetic field strengthzc_apability _and optimal op_erating tem-
B=——p— (2)  perature (where av>/T is a maximum), the fusion power
B*/2p, density scales Iisz. There is, therefore, a strong incentive to

develop MCF concepts that can operate at Bighwo candi-
The parametensy), Te(), andB are the electron (ion) particle date MCF systems which could be developed for propulsion
density, temperature (in kiloelectronvolts keV), and magnetiepplications are the spherical torus (ST) advanced tokamak
field strength, respectively. The constrnatl.60x1076J/keV Concep:t8 and the Spheromak compact toroid configurajcﬂ)n.
andp, is the permeability of free space. The power density in a
fusion reactor is given by Spherical Torus Tokamak

The ST is a low-aspect-ratio version of the Tokamak concept
currently the world standard for magnetic confinement fusion
research. The aspect rafig= Rya) is 1.5-2.0 in the ST (~4 in
a conventional tokamaky, being the major radius of the torus

~ _ 0L j#kQO
Pf/Vp—ajknjnk<ojkv>ijk, ajk_le; j:kg ©)

wherePrandVpare the fusion power and plasma volumgare
the respective densities of the two reacting ion speai®s;, is

the maxwellian-averaged fusion reactivity (Fig. 2) @ds the
energy release pgk reaction (appears asE in Table 2).
Assumingne =nj, Te=T;j, ajk = 1 andy; =ng =ni/2 (a 50/50 fuel
mix), Eq. (3) can be rewritten as

PV, =k p2B %ojkv>/'l'iz ggjk 4)

and a the plasma minor radius. As shown in Fig. 3, the ST is a
toroidal device consisting of a hollow vacuum vessel used for
the production and confinement of large volumes of high-
temperature plasma. The donut-shaped plasma is immersed in
a helically twisted magnetic field formed through the combina-
tion of a toroidal field (produced by a set of toroidal field coils
which wrap around the torus) and a poloidal field component
(produced by a current flowing through the plasma itself). In a
large-aspect-ratio tokamddg >> By, but in the spherical torus
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Figure 3.—Schematic of an advanced (spherical torus) tokamak reactor system.21

Bp can be comparable By at the plasma outboard edge. Also, Interrestrial power reactor designs of the ST burning DT fuel
because of the large poloidal current componery,gflasma  only what is absolutely indispensable inboard of the plasma is
enhancement of the on-axis toroidal field (referred to as paraetained. This includes a first wall/vacuum chamber arrange-
magnetism) is significantin the ST (a factor of ~2 larger than thment and a normal center conductor that carries current to
vacuum field generated by the TF coils). Because of the STjgroduce the tokamak’s magnetic field. Other components, such
small aspect ratio, higR-operation is possible, however, stan- as the solenoidal and inboard neutron shielding, are eliminated.
dard inductive current startup techniques are difficult and effiThe resulting devices have exceptionally small aspect ratios
cient noninductive current drive techniques are req&l(?eﬁd. (1.3~A~2.0) and, in appearance look much like a sphere with
cross section of the ST’s magnetic field structure yields a set af modest hole through the center, hence, the name spherical
nested poloidal magnetic field surfaces which exhibit toroidalorus.

symmetry. It is on these surfaces that the circulating hot-plasma The potential for neutronless fusion power generation made
particles are confined and across which they conduct heat apdssible through the use of spin-polarized BHes led to the
collisionally diffuse. By injecting supplementary heatingexamination of a high field3~ 10 T), superconducting version
(either as beams of energetic neutral atoms or as wave energyf)the ST for rocket applicatier?. The configuration is illus-

the plasma temperature can be increased to the point where thaged in Fig. 3 where we have speculated on the possibility of
plasma ignites, i.e., its reactivity is sufficiently high that theusing demountable SC/TF coil legs to improve access to the
power of the charged fusion reaction produBtg)(alone can internal torus and poloidal field coils. The central conductor is
maintain thdusioning plasma temperature against losses asso@ssumed to use a high field/high current deng’]l;@? A/mz)

ated with radiation [both bremsstrahlufgtmg and synchroton  superconductor employing an advanced vanadium—gallium alloy
(Psyncn] and transport mechanisms. Exhausting this transpo(¥/ 3Ga) and an aluminum stabilizer for weight reduction.
power Py for thrust generation and thermally converting the For the spherical torus-based fusion rocket (STR) to operate
radiation loss (which can also include neutron radiation) focontinuously and at high-power output, it will be necessary to
needed recirculation power are the key elements of a self-sustainirmove the nonfusionable thermalized charged particle ash
magnetic fusion rocket (see Fig. 4). (protons and H‘bions) from the plasma. The magnetic bundle
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Figure 4.—Component and power flow diagram for an advanced tokamak fusion rocket.21

diverte? will be an important component for the STR, for it  The spheromak compact toroid (Fig. 5) is a low-aspect-ratio
serves as a conduit for channeling plasma exhaust (includif§ = 2) plasma configuration which, like the tokamak, uses
wall-generated impurities) out of the torus and into a magnetioroidal By and poloidalBp) magnetic fields for confinement.
field expander (nozzle) where the perpendicular plasma enerdy the spheromak, however, the poloidally directed currents
can be converted to directed energy along the nozzle axis. generatingB; flow in the plasma itself and not in external
Preliminary estimatés indicate that a STR burning a 50/50 toroidal field (TF) coils as in the conventional and advanced ST
fuel mixture of spin polarized DHeould generate ~7500 MW tokamak concepts. Although the TF coils are eliminated in the
of fusion power, ~6000 MW of which is transport power and thespheromak, the outward hoop force associated with the toroidal
remainder being bremsstrahlung and synchrotron radiatiogurrent must be supported by an externally applied “solenoidal”
The neutron producing DD side reactions are assumed to bgagnetic field Bg) (equivalent to the vertical magnetic field in
suppressed. The major radius, plasma elongation, and aspactonventional tokamak). An external plasma generator is also
ratio are 2.48 m, 3.0, and 2.0, respectively leading to a plasnequired to provide the initial toroidal and poloidal magnetic
volume of 227 M. The toroidal field on the axis (B;) and at  flux in the spheromak during startup.
the center conductaRf) are 8.9 and 10.0 T with paramagnetism  In addition to having a simpler coil/blanket geometry, the
accounting for a factor of 2 enhancemenBjnThe plasma maximum field strength at the external coils of a spheromak is
currentis ~86 MA and the volume-averaged fuel ion density anabout half the field value at the plasma center, rather than twice,
temperature of ~810°° m~ and 50 keV result in a volume- as in a tokamak. The result is that the spheromak has an
averaged beta value of ~30%. The overall spacecraft weightéhgineering beta valygng= (4 1o nkT/BZ,j), that is ~15-20
estimated to be ~1033 t and leads to a specific power ¢imes larger than in a conventional tokamak. Furthermore,

ap ~5.75 kW/kg (assuminBje; = Py). because the fusion power densRy/{/,,) scales likéB2ngBoi
<ov>/T{? [Eq. (4)], the spheromak can in principle operate at
Spheromak Compact Toroid power densities ~225-400 times higher than in a conventional

tokamak for given value oB., and T;. By increasing the

Compact toroids (CTs) are axisymmetric plasma configuraapplied magnetic field tB.y; = 10 T and exploiting the 40%
tions in which the toroid is not linked by toroidal magnetic fieldengineering beta capabilftyyof the spheromak, the advanced
coils or walls. Theoretically, the CTs offer the improved con{usion fuels Cat-DD and DHecan be burned at appreciable
finement associated with more complex toroidal geometrieggower densities. Because typical tokamak and spheromak dis-
but in a simple, open-ended reactor embodiment with naturgharges consist of a hot-interior core, surrounded by a cooler
diverter action. In such a configuration charged plasma can gasma mantle, the volume-averaged density)end density-
exhausted for thrust directly, without the need for a compleweighted, volume-averaged temperatur@>(< <nT>/<n>)
bundle diverter for particle extraction. must be used to correctly evaluate the plasma performance.
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Figure 5.—High B potential and natural divertor action of the spheromak concept
can be exploited for rocket thrust.19

Here 0> =ny/(1 +9y), N andd, being the peak density on axis  The higher toroidal fieldB; (R,) = 20 T] in theA = 2
and density-profile shape factor, respectively, adét «  spheromak case considered here leads to an increase in the
TJ/I(1 + d, + Op/(1 + dy)], &1 being the temperature profile synchrotron radiation poweroutpllI’[Bt2 nT) but a decrease in
shape factor. Rewriting Eqg. (2) in the following form: the bremsstrahlung outputl (n2 Tllz) because of the smaller
plasma volume. With ~5500 MW available for jet power
- (assumingPjet = Py), the specific power is estimated to be
<n> <T> ®  ap~10.5 kWikg.
Lastly, the spheromak reactor will need very efficient current
and specifying # =50 keV, one finds thate ~ 8x102Ym3 drive (about several amps per watt of sustaining current drive

(assuming flat profiles, i.8, = & = 0) andPs /V, = 25 MW/ power) due to the large toroidal and poloidal currents in the
y 1.0 — - p"' . - . . .
for a 50/50 DH& mixture [EqQ. 3]. Spin polarization of the Dfie device, _70 _an(_j 270_MA' respectively. It IS possible that

fuel can increase the power density by a factor of ~1.5, a eferential biasing of in situ synchrotron radiatiband the

density, and temperature profile peakidg% 1,57 = 2) by an ootstrap effect_ caused by rad_ial diffuﬁ%nan_ drive all or a
additional factor of 2 yielding a final fusion power density Ofsubstant|al portion of the r_eqwre(_JI currents in th_e spheromak
~75 MW/, Assuming the same power level used in the STFgu”ng-fJ stead_y-state operation. Without an eff_ectlve means 0
(Ps = 7500 MW), the spheromak with its higher power densitysusr?“r_] the '_”te”‘a' currents, _the magnetic fl_elds_ Wll.l de_cay
requires a plasma volume{= o2 Aa3) of only ~100 M (as prOV|d|r_19 resistive plasma heating on a magnetic diffusion time
compared to ~227 Prfor the STR). Preliminary calculations scale given by

indicate that the overall spacecraft weight can be reduced by a 5

factor of ~2. Trmag(8) =10[a(m)]"[T(keV)]

2 _ _1021
Benchoil =5ugk<nT >=10

3/2 ©6)

10



ForT~ 50 keV ané ~ 1.36 m, this decay time is long at ~1.8 h.
Pulsed operation (with burn times of ~Iid,9 could be a
possible option for the spheromak, as well as the spherical torus
fusion rocket engines.

Inertial Confinement Fusion Rocket Imploding \ Expanding
fuel / L~ plasma

In the magnetic confinement concepts already discussed, NN ,{7 \
the fuel must be maintained at fairly low density ‘ ~PF—
(~102%-10°Ym?3) due top and magnetic field strength limita- Lcer
tions. As a result, confinement times of a second or more are radiation <
required in order to get a substantial burnup of the fuel. In the ,/
inertial confinement fusion appranﬁ,the requirements on l \

density and confinementtime are reversed. Here, multimegajoule

pulses (~10 ns in duration) of photons or ions from a driver are

used to ablate off the outer surface of a fuel pellet (see Fig. 6).

Spherical rocketlike reaction forces implode the remaining fuel _ )

to stellar densities (~f(l.)104 x solid density) while simulta- Scaling laws: _ e

neously heating the central core of the pellet, with a radius T Lo nte ~ pR/MiCs
comparable to the range of a DT alpha particle (~0.3?glctm nj = p/m j .
thermonuclear ignition temperatures (~10 keV). As the fuel

burns, the energy generated is used to heat and ignite more fuetnergy balance:

A thermonuclear burn wave driven hypatrticle self-heating Efusion = GEdriver = % Efyel (thermal)
propagates radially outward through the compressed fuel. Com-

pared to the disassembly time of the peltgt{ R/Cs, R. and Figure 6.—High-fuel density p, energy gain G, and coup-
Cs being the compressed pellet radius and ion sound speed, ling efficiency eq are necessary components of inertial
respectively), the fuel reacts so rapidly (2f®) that it is confinement fusion.

confined by its own inertia.

Although magnetic fusion research has been ongoing for the
last three decades, the less developed inertial confinemestpected to be ~30-50% (substantially higher than in magnetic
approach to fusion offers the possibility of more compact, lowegystems).
weight propulsion systems. This is due to the absence of heavyAssuming the use of deuterium fuel (specific energy of
superconducting coils in the primary reactor. By exploiting the345 MJ/mg), a target yield of ~2000 MJ will require a fuel
high-repetition rates (~10-100 pulses/s) and gain possibilitideading in the compressed pellet of
of ICF, an inertial fusion rocket (IFR) can operate, in principle,
at very high-power levels (tens to hundreds of gigawatts) which _
would be extremely difficult if not impossible to achieve with m.(mg) = Btusion (= 2000 MJ)/ 345 MJimg =
continuous drive magnetic confinement fusion.

For an ICF system to produce usable quantities of fusion
power, the initial investment of driver enerdgfve) must be Because of the tiny amount of mass involved, the energy
efficiently coupled into the pelleEf e/cq, €4 being the driver release is in the form of a small and potentially manageable
energy coupling efficiency) and multiplied during fuel burnupexplosion. The initiation of & sustained series of these fusion
to produce an attractive energy g, ion= G Egrive)- The  microexplosions within an axially asymmetric magnetic mirror
driver energy which effectively couples to the pellet must bés the essence of inertial fusion rocket propulsion. The thrust of
capable of 1) isentropically compresﬁﬁghe fuel load to the spacecraft would be produced by redirecting the charged
densities on the order of a kilogram per cubic centimeter anglasma debris from the microexplosion through the larger of the
2) igniting the pellet’s central core. This energy investment isnirror loss cones and out the rear of the vehicle (see Fig. 7).
characteristically quite large, on the order of several megajoules. Hyde28 has performed a detailed analysis of an IFR which
Because large driver energies usually correspond to high driveses two 2-MJ, 6% efficient high-temperature (~1000 K) kryp-
weight, there is strong incentive to design high-gain target®on fluoride (KrF) lasers (each operating at 50 Hz) as the driver.
(~1000) which can maximize the fusion power output per pulsélith slightly tritium-enriched deuterium as fuel and a high gain
The fuelloading inthese pellets, however, is usually quite smallarget G=1000), the fusion power output consisted of ~1280 MJ
In a practical target design the fractional burfy.gf the fuelis  of charged plasma power [consistent with the charged particle

15mg
fi, (= 40%)
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fraction (~60%) of the Cat-DD fuel cycle] and ~710 MJ in the

form of x-ray and neutron radiation. Additional propellant mass |P
(~10 times that of the fuel loading) surrounds the pellet provid- ‘
ing the ablative material and also augmenting the engine’s (
propulsive thrust. The exhaust velociig,) and jet power are v
given by
/— Pr?pellant
valve
Vex = %olsp = j , 2 Ecp/Mp Y 3 P
: [ ropellant
tank
and 1 ¥ Gimbal center

0.574 m

P =1/2m vv2 = r]~2vE 8 I ;:;té(r)npbul;n b
Jet prrex J7cp A\ —

0.2?9 m i - Pump
wheren); is the efficiency of the magnetic nozzle in converting | discharge
charged particle fusion enerBy, to jet energym, is the initial line
pellet mass (10 r) andv is pellet repetition rate. With = 1.245m & Reactor
100 Hz and; = 65%, the exhaust velocity and jet power are 3.165m g assembly
estimated to be ~2650 kmig,(- 270 ks) and ~53 GW, respectively. (r; ozzle l N
The corresponding thrust level € m, Wey) ~40 kN (~ 4t). The folded) \\
total weight of the engine system was estimated to be ~486 Tungsten
(~54% of which is attributed to the driver system and ~34% tg*46 m - core
the magnetic thrust chamber). Based on the given parameter&”ozlZIe 1057 m l [ Cooled
the specific power of the IFR g = 110 kW/kg. in place) ' nozzle
Antiproton Propulsion System Designs Uncooled

nozzl
By exploiting the concepts and technologies currently being egteniion
examined for use in fission and fusion rocket engines, MARs 1.295 m
with a wide range of mission performance capability may be I
possible. The effectiveness of tungsten (mp 3683 K) in stopping l
both the decay’s and the charged pions (range ~9 cm and _\

slowing down time ~0.5 ns) has led to the consideration of a }4_ 1.32 m__—|
simple heat exchanger conc%f)for an antiproton propulsion
system. This configuration is equivalent to the solid core fissionFigure 8 —Schematic diagram of the small nuclear rocket
rocket engines developed during the NERVA nuclear rocket €ngine designed during the NERVA program; nuclear
engine prograrﬁ. reactor core replaced with a possible conflgur_atlon of

In the NERVA engine criticality requirements limited the the _m_Eta_I honeycon_1b used to convert the antimatter
choice of construction materials to those with low-neutron- 2™inilation energy into heat.5
capture characteristics. These same requirements also dictated
the minimum core size and weight. In the antiproton version of
the nuclear thermal rocket, criticality requirements are no longé¥ig. 8. The core is compact (~80 cm diameter/80 cm length) and
an issue. The tungsten core is sized to ensure stoppage of mgitweight (~5000 kg assuming 36% void fraction for coolant
of the annihilation products while providing adequate hydrogefiow). Calculations also show that significant quantities of
flow for cooling. Using antihydrogen fuel as the energy sourceneutrons are produced in the core resulting foanteractions
the tungsten core heat exchanger could run to higher operatingth heavier nuclei. Howe has sizeptlERVA engine for use
temperatures than NERVA (>3000 K), resulting in anin a manned Mars mission. The engine would have a thrust of
Isp~ 1000 s. Preliminary calculations by Hdviedicate thata  ~4.4x10° N (10° Ibf), a power level of ~2700 MW, engine mass
tungsten cylinder, sized to stop most of the annihilation prodhear 7000 kg, and g,0f ~1100s. Assuming a 100% deposition
ucts, would be slightly smaller than the nuclear reactor coref annihilation energy within the tungsten cylinder and ~88.5%
designed for the small nuclear rocket engine (SNRE) shown itonversion efficiency to jet poweP,g; = Pyan;) leads to
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P (MW)=P _+P, +P _= 1.8><108r'n7(g/s) The coaxial flow or open-cycle gas core rocket is illustrated
MA ™ ot P in Fig. 9. Itis basically spherical in shape and consists of an outer
pressure vessel, a neutron reflector/moderator region, and finally
~5.44x107 rhp(kg/s)lfp(s) (9)  aninnerporousliner. Arelatively high pressure (~500—-1000 atm)
is required in the GCR to have a critical mass. Hydrogen
and corresponding mass flow rates for the antiprotangnd propellant, ducted through the outer reactor shell, is injected
hydrogen propellanlthp of ~15ug/s and ~41 kg/s, respectively. through the porous Wa_II with a flow dlstrlbynon that cregtes a
For a fission thermal rocket operating at the same parametefé@gnant nonrecirculating central fuel region in the cavity. A
the corresponding burnup of uranium—235 would also be smaimall amount of fissionable fuel (~1/4 —1% by mass of the
at ~33 mg/s [_,12@_0-6 Py (MW) g/s]. In both cases the hydrogen flow rate) is exhausted, however, along with the_
required mass of the nuclear fuels are insignificant compared ft¢ated propellant. Because ~7-10% of the reactor power is
the hundreds of metric tons of hydrogen propellant which would€Posited in the reactor shell in the form of high energy gamma
be required for a typical Mars mission (discussed in Sec. Iv). @nd neutron radiation, thg, capability of the GCR is deter-
is also important to consider the weights of the electric and/dpined by the cooling capability of the incoming hydrogen
magnetic field devices required for storage, extraction, anBropellant. For the regeneratively cooled GCR, the maximum
injection of the antihydrogen fuel into the tungsten core. Thedep IS ~3000 s (Ref. 32). The addition of an external space
are critical features in concept feasibility and are seldom digadiator allows for cooling of the reactor walls and moderator
cussed in the weight estimates of antiproton propulsion systen¥ithout using up the regenerative cooling capacity of the liquid
The high-temperature benefits of using tungsten can also Bdrogen. A factor of 2 increaselig, (to ~6000 s) is expected
exploited in a fission thermal rocket by using tungsten-184 as tHgr these radiator-cooled systems. _ _
structural material. Whereas normal tungsten is quite poisonous "€ gas-core reactor concept could also provide a possible
to thermal neutrons (having a thermal neutron absorption cro§gnfiguration for an antimatter rocket which would nothave the
sectiona, = 19.2 b), tungsten-184 has a low absorption Crosger_formance I|r_n|tat|0n_s of the S(_)I_ld tungsten system. In the
section ¢, = 2.0 b) (Ref. 29) and would be suitable for thermal@ntimatter version of Fig. 9, the critical uranium plasma assem-
reactor construction. Tungsten-184 comprises about 30% Bfy would be replaced by a high-pressure tungsten gas/plasma
natural tungsten and would require separation techniques comgz&Pable of absorbing the annihilation debris resulting from the
rable to those used in uranium enrichment facilitiestuay3®  interaction ofthe |nje_ct_ed _annhydrogen with thetu_ngsten nuclei.
made in 1961 indicated the feasibility of enriching tungsten id he transfer of annihilation energy to the working hydrogen
the 184 isotope using the existing Oak Ridge gaseous diffusidtioPellantwould again be achieved by radiative means. The ball
plant equipment with little modification. For production rates ofof tungsten plasma, however, must exist in the minimum of a
~27 t per year the cost was estimated to be ~$3500/kg for g3dagnetic WeII_Whlch has sufficient field strength to trap most of
enrichment. Although increasing the cost of the fission core, tH8€ charged pions and follow-on decay products. Whereas some
higher operating temperature of tungsten would lead to the sarfEagnetic confinement vyould also exist for_ the p_art|ally ionized
performance characteristics as that of the antimatter system afygsten plasma, the primary method for isolating the tungsten

without the complexities of antimatter handling. plasma from the hydrogen propellant would be the hydrody-
namic technique already discussed. The magnet systems can be

of two types (see Fig. 10), but both create a magnetic well in
which the field strength increases in all directions away from the

The temperature limitations imposed on either the fission apenter of the deviceThis configuration is stable against the

antiproton solid core thermal rocket designs by the need to avouaterqhange mstablllﬁf’ which oceurs in simple mirrors V\_/hose
material meltdown can be overcome by allowing the cori'eld lines bulge outward. In this geometry any outward displace-

material to exist in a plasma state. In the gaseous-core fissig%ent Of. plasma_ pressure (even at very low values) weakens the
rocket conceptla high-temperature (~25,000-100,000 K) ba"magnetlc contaln_e rand leads _to an a_ccele_rated pla_sma loss.

of fissioning plasma dissipates its ene@y:. o (pQVp) in the For a maxwellian energy distribution, simple mirror theory
form of black-body radiatiorf(= ot A) WLhifCh i; Sbsorbed provides an estimate of the fraction of charged particles trapped
by the hydrogen propellant and exhrgusted as jet powet (2 within the magnetic well. This trapping fraction is giver?"by

m vex2 [=2 cpTC]). The parameters, as they appear in order,

The Gaseous Core Antimatter Rocket

p
refer to the uranium atom number density, neutron fission cross R, A W
section and flux, energy release, plasma volume, the Stefan— fr = Eig = El_ Bm'“ E (10)
Boltzmann constant [= 5.610° W/(m2)(K4)], the plasma Rm max

surface temperature and area, the propellant flow rate, the exhaust
velocity of the hydrogen, specific heat, and rocket chambewhereB,,;, is the magnetic field strength in the mirror well,
temperature. Binax the value at the mirror peaks, aRg| (= B,;,5,/Bmin) the
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mirror ratio. Because of the constancy of magnetic moment ( R, - 1E}/z
1/2 m\/é/B = W/B) and conservation of energW(= W, , P=1-3"1 " 11
+W), charged particles moving into a region of increasing 8Rn B

magnetic field experience aretarding fofeg£ —1,B) which

reflects them back into the magnetic well. Those particles witand reduces 8= 1/(2R) for moderately largR,,. Cassentf

W= W, have an increased probability of escaping the mirrohas estimated the fraction of pions trapped within the central
trap. This probability, expressed in terms of mirror ratio, isregion of a magnetic mirror device using the energy distribution

given by of the pions resulting from the annihilation process. Because the
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results are only ~3% smaller than those obtained using shield/pressure vessel configuration the thickness of which can
maxwellian distribution, the simple estimates provided bybe determined using
Eq. (10) appear adequate.

To illustrate the characteristics of a possible magnetically
assisted antimatter GCR, we assume its performance is compa-
rable to that of a reference gas core fission rocket s%tem
having the following parameter®,, = 1500 MW, P, = Herel (x)/I(O) isthe ratiq ofthe gammarayintensitik{@lbeing
1080 MW, F = 4.4x10% N, lgp = 5000 s My, = 70 t,a, = the intensity at tr_]e_ shield surfacgl/p is the materlal energy
15 kW/kg,D, = 2.4 mA . 4= 0.8 MT, 4= 1225 K and/; /V, absorption coeff|C|ent_[~0.1 City .for energetic gamma rays
= 25%. The parameteB, A 4 T,ag andV;/V, refer to the  (E,>100 MeV)]angxis the density (19.3 g/chitimes shield
diameter of the reactor cavity, the moderator thickness, radiatgtickness which s proportional to the weight. Fgr 1350 MW
temperature, and fuel-to-cavity volume ratio, respectively. ~and atungsten thickness of 4 cm, the superconducting magnets

To estimate the field requirements for pion trapping weS€€ @ heat load of ~0.6 M\WBecause a modern liquid-helium
assume the tungsten plasma has the same approximate voluigiigerator requires ~500 \\of electrical power to remove
as the fission system. We also specify = 13 (to each watt of heat at 4.2 K and masses ~4 t/kW¢h a heat load
ensure adequate confinement of the annihilation debris withitg intolerable for a portable propulsion system. At~7 cm the heat
the tungsten). For a field strength in the magnetic we|,of Io_ad is down to ~2 k\{\l‘?\nd can be handled by an 8 trefrigerator
= 5T and a mirror ratio of 3 (corresponding,to= 82%), the ~ With ~ 1 MW of electrical power input.
mirror field B, = 15 T. This field level requires the use of For the antimatter GCR to operate at the sgeropellant
niobium-tin (Nb,;Sn) superconductor which has a maximum orflow rate, and hydrogen inlet temperature as its f|SS|on counter-
critical current density of ~65 kA/chat ~15 T. And although Part (i.e., 5000 s, 0.9 kg/s and 1400 K) the external radiator must
the pion trapping fraction is high, there is still a substantiaflissipate ~1332 MW of gamma power because only 18 MW can
energy drain from the system attributed to neutrinos produce?f removed regeneratively by the hydrogen propellant. Assum-
during decay of the unstable pions and muons. ing a radiator specific mass of ~19 kg/amd operating tem-

Cassenti® has examined an antimatter-energized, magnetierature of ~1225 K, the radiator mass is estimated to be ~193 t

cally assisted hydrogen thermal rocket for orbit transfer vehiclErad (K9) = 145Q;aq (MW) (Ref. 32)]. Increasing the radiator

(OTV) applications. His analysis, which assumes 100% loss ?ggﬁ:gﬁg? d~islssiogtiir<1 C?rl]"(lad fr?]lrjr?ae tg@gﬂgitzgg t|t can be
gamma power, indicates that ~35% of the remaining annihila- pating 9 P bace,

recovered by operating the tungsten at elevated temperatures

t?on.energy can be transferred to the propellant. Inthe r.efe.rentzgs%o K) and introducing the hydrogen propellant into the
fission GCR 10% oP,, reaches the solid, temperature-limited o5 ctor cavity at this value. Assuming the same level of jet
portions of the engine (moderator, etc.) whereas the remainingwer Piet = Pgore Nj = 1080 MW; n; = 80%) and 50%
1350 MW is converted to jet power assuming an isentropigonversion of available charged pion energy
nozzle expansion efficiency of ~80%. The propellant flow ratg1350 MW), the required annihilation power gftieling rate

is rhp = 0.9 kg/s. At a specified hydrogen cavity inlet temperadrops by a factor of 2 to 2025 MW and 11.@2f8s, respectively.

ture (419 Of ~1400 K, the propellant can regeneratively To recover the 675 MW of gamma power at 3250 K a propellant
remove 1.2% of the neutron and gamma powa cq)AT ~ flow rate into the cavity of ~14.3 kg/s (a factor of ~16 greater
18 MW) with the remaining 8.8% (132 MW) being rejected tothan _t_he. 5000 s case) is required which reduces the effective
space using an external radiator. In the antimatter analog of tRRBECIfic impulse to ~1250 s.

GCR we assume that ~1/3 of the annihilation power escapes tBeBecause the regenerative cooling overwhelms the ligjgh

. . enefits of the GCR concept, one might consider eliminating the
tungsten plasma and 50% of the remaining pion energy IS . . . L
2 ) magnetic system entirely and operating the engine in a mode
radiatively transferred (at an equivalent black-body temperasy i ajent to that of the liquid core fission rocket (LCR) concept
ture of ~7555 K) to the surrounding envelope of hydrogenyiscyssed by RoriP Here the liquid fission fuel is held against
propellant. At ~33% conversion efficiency (consistent withthe outside of a rocket chamber by centrifugal force obtained by
Cassenti's results) the total annihilation power and antiprotogpinning the chamber (Fig. 11). After cooling the chamber wall,
fueling rate is ~4050 MW and 22.fg/s, respectively. the hydrogen propellant would be bubbled through the liquid
Because shielding will be required to protect the supercorfuel and out the nozzle. In the antimatter version of the LCR,
ducting magnets from gamma radiation in a real system, it isolten liquid tungsten would replace the liquid uranium. A
logical to consider recovery of some portion of gamma powefiuid layer ~10 cm in thickness could trap most of the annihila-
deposited in the shield, and to assess the impact of regeneratii@ energy. The higher boiling point of tungsten (~5930 K vs
cooling onp fueling requirements and higlgp operation. 4091 K for uranium) could lead to a vacuum specific impulse of
Because of its high-temperature capability and good attenuatieri800-2000 s at a chamber pressure of ~ 10 atms and an
characteristics against gamma radiation, we consider a tungstexhaust-to-chamber pressure ratio of 2L(Ref. 36). The

Ly Oy (0 = exp|~{e/p)ox] 12)
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Figure 11.—Schematic of a liquid core fission rocket engine.

correspondingspfor the fission LCR is ~1300-1500 s for the our application the magnet dimension is ~1/2 that of MFTF (at
same conditions. Over tHig range thé&/M,, ratio is estimated  1.5m)buB,,,= 15T. Using an aluminum stabilizer (~2.7 HYm
to be ~2—1G° The limits on the fission LCR are attributed to and vanadium-gallium (Ga) superconductor (~6.1 pwith
increased vaporization of the nuclear fuel with increasing tema 70% packing fraction (the remaining 30% of the coil cross
perature and its subsequent entrainment in the hydrogen propséctional area containing coolant and structure), the coil weight
lant which decreases the effectlyg One can assume similar is estimated to be ~70 t. Together with the radiator mass
difficulties with the antimatter LCR as the boiling-point tem- (estimated at 87 t foF, , ;= 1500 K), the total engine weight is
perature of tungsten is approached. However, withvg,, ~2 ~ ~182t. This results inl/M,,, ratio of ~2.%10%and a specific
and anlg, of ~2000 s, the specific power is quite attractive apower of ~5.9 kW/kg, a factor of 2.5 lower than that of the
~190 kW/kg vs ~145 kW/kg for the fission LCR with the samefission GCR.
FIM,y and arlg,= 1500 s.

By contrast, the 5000 s gaseous core systems have substAntiproton Heated Magnetically Confined Plasma
tially lower thrust-to-engine weight ratios. At a thrust level ofRockets
44 kN andM,,, ~70 t [major components being the moderator
(28 t), radiator (19 t) and pressure vessel (23 t)], the In the antimatter version of the GCR the magnetic mirror
FIM,, ratio is =6.4 x 1072 for the fission GCR. For the system was used to confine the energetic pions, muons and
antimatter system the weight of the tungsten shield/pressuetectrons and to improve collisional dissipation of the annihila-
vessel is estimated to be ~25 t assuming a cavity radius of 1.2tian energy into the tungsten plasma. As a next logical step one
and a vessel thickness of ~7 cm. We estimate the weight of tiheght consider using fusion type magnetic confinement sys-
SC magnet by scaling the yin-yang coil design (see Fig. 10l¢ms to contain a plasma working fluid which is energized by
used in the mirror fusion test facility (MFTE}.The MFTF injecting antiprotons into the magnetic bottle. If operated in a
contains copper stabilizer (~8.9 #mand niobium-titanium  steady-state mode the energetic plasma could be extracted using
(NbTi) superconductor (~6.4 tAncooled to 4 K by liquid either a magnetic bundle divertor (for closed toroidal magnetic
helium. The magnet dimension is ~3 m between mirror pointgeometries, such as the tokamak) or the natural divertor action
and the maximum field is ~7 T. The coil weight is ~150 t. Forof the compact toroids, such as the spheromak. Assuming for
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simplicity that the specific impulse of a hydrogen plasma rockethe plasma to reabsorb the emitted photons. The approximate
is given by mean free path for a bremsstrahlung photon in a hydrogen
plasma is given b°3?

3T, 1/2
UH 173 103[TH (eV)] (13)

1
®=—
® % |\ My

A(cm)=10"8 [Te(keV)]S's / [ne(cm_S)]Z (16)

thenl,in the range of 5,000-15,000 s should be possible with Equation (16) assumes that the photon frequerisygiven
plasmaexhausttemperatures of ~10-50eV (1 eV xlOffK). by hv = kT, whereh is Planck’s constant (= 6.6260 34J/s).
From Eq. (2) the maximum plasma density that can be confine&t T, = 10 eV andh, = 1.5¢10'%cni-3 A = 4.5 m. This distance
will depend on the available magnetic field strength an@the increase to ~30 km fdf, = 50 eV anch, = 3x1018cni 3, Itis
capability of the particular confinement concept. Assurfiing only at very low temperatures§ eV) that adequate reabsorp-
50% andB = 15 T, the achievable densities are tionoccurs (e.gA =2 cmforT,= 2 eV anch, = 1.5x10%cnt
3). The need to prevent excessive bremmstrahlung emissions
&) 19 ~ through low-temperature operation leads to performance char-
ne(cm_s) ~H SX 1018 for To =10eV acteristics for the plasma rocket which are roughly equivalent to
FB.0x10™" for T, =50 eV those found in the gas and liquid core versions of the antimatter
rocket described earlier.

. . . . .. Evenassuming that adequate reabsorption can occur at higher
The ability to sustain the preceding plasma characteristics Lo o .
temperatures it is difficult for relativistic charged particles to

using an antiproton heating source can be determined usin : L - O
sing P g %%W down via plasma collisional effects. Consider a relativistic
simple plasma power balance . ' : ) . .
test particle with velocity/; slowing down in a maxwellian
plasma consisting of electrons and ions having thermal veloci-
D (14)  tiesVq, andVy,. In the limiting case o¥/; > V4, >> Vp, the

23Ry, ={
p ; AR ; : I 0
slowing down time is given (in cgs units within eV) by*

Fon * Fox * Frag

+ Ptr}/v
which neglects the gamma power component. The sink terms on
the right refer to losses due to ionization of cold hydrogen gas, m-2rv13—
charge exchange of cold neutrals with warm ions, various T5(9)=
radiation mechanisms and collisional diffusion processes.
At sufficiently high-ionization levels (which exist fai, >
10 eV) the neutral hydrogen density is low and ionization an&herem; andm, are the masses of the test particle and electron,
charge exchange losses can be neglected to first order. Impuritspectivelyy is the charge of the test particle, 4ndl is the
radiation losses can also be ignored if one assumes a pw®ulomb logarithm. For relativistic particles slowing is mainly
hydrogen plasma. Under these conditions bremsstrahlunglie to scattering off of electrons. The slowing down time is also
radiation will be the primary nondiffusive energy loss mechatonger for heavier test particles implying that a charged pign (
nism. Bremsstrahlung (or braking) radiation is emitted when= 273.5ny) will take longer to slow down than a mu%(z
rapidly moving charged particles—mainly electrons—undergo 206.5m,). For an average pion kinetic energy of 250 MY/,
sudden deflection as a result of a near collision with a plasmav, = c (y? - 1)/%y = 93.3%, q;% = €, my = 2.49%107%%
ion. For a pure hydrogen plasma the bremmstrahlung power logad InA < 5 (assuming,, = 1.5¢10M% i andT, = 10 eV),
per unit volume is given resulting in an average slowing down time of ~fi8Qalmost
1500 times longer than the pion’s relativistic lifetime of ~70 ns).
Under such conditions the pions would decay into muons

5> @
4mee™qT (2 + mT / mg)inA

R OMW [ —3.]2 1/2 2 : : .
—brems Efg =5.35x% 10_43[ne(m 3) [Te(keV)] (15  coupling little of their energy into the plasma. The muons, in turn,
v m i ) :
P would have a slowing down time of ~{48 (assuming an average

kinetic energy of ~193 Me\AqT2 =, mp = 1.882<10‘259 and
Because of the strong density scaling, the bremsstrahlung = 93.5%c) which is over 10 times their relativistic lifetime
power loss increases from B 1.210° MW/m? as the of ~6.2ps. The stable electrons and positrons (with an average
density increases from 0.3 to £19'%cm®. These levels are kinetic energy of ~100 MeV) would slow down in ~Q&
~1P to 10 times larger than those found in typical fusion Assuming all of their energy can be coupled to the plasma only
plasmas (Witme~5><1014/cm3 andT,~20 keV). At sufficiently  ~18% (Ref. 14) of the annihilation would be available for
high densities and low temperatures, however, it is possible f@ropellant heating.
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For fusion plasmas withly; <V < Vi, 14 is given bﬂo

120 —
Uz O g
_ 2 /8 228z mr
= [H. =1+t
s mT/ g et qTang’Bl m 100 |
0 mMm 020 H
+i51+ﬁ meH %n/\% (18)
3T me KT, 0 E 80|

of ft/sec

Both the electrons and ions contribute to slowing in a fusion 4,
plasma and a colder plasma can slow the test particles mor;@i1 60 |—
quickly. For example, a 14.7 MeV protad£ I) produced in a 2
DHe® plasma operating an, = 7.5x10'% cm3, 2
T,=50keV, and M\ = 17.5would slow downin~525ms. This >
is less than the characteristic energy confinement time of
approximately several seconds which exists for most magnetic
fusion reactors.

The preceding results indicate that stable fusion products are
more effective in coupling their reaction energy into the bulk
plasma than are the unstable pions and muons. Because of the
poor coupling in an antimatter plasma rocket ~50% of annihila-
tion energy could be lost in neutrinos. The 33% of the annihila- 0
tion energy that appears as gamma power must be either 0 4 8 12 16
dissipated via a heat rejection system (at the cost of additional Round-trip travel time, months
spacecraft weight) or recovered regeneratively.

Some recovery seems prudent from an economics standpoinf
since an 18% conversion factor will require afactor of 5 increase
in the amount of antihydrogen required for a given operating

power level. Blum*!as a function of the round-trip travel time in months (see
Fig. 12). The four separate velocity incremefits,, AV,, AV,
AV,, are those required for Earth escape, Mars capture, Mars
Mission Performance Characteristics escape, and Earth capture, respectively. By using the equations
describing the system mass raf,(=M,/M; = exp pV/g, ISJ;
Traditionally propulsion systems have been characterized 4&ndf denoting the.'n't'al and final mass of the spacecraft) and
either high-thrust/ specific impulse-limited systems (such aiftpower Pjg;=1/2 mp[golsdz),thetotalengine burn timg$)
chemical and nuclear fission rockets) or low-thrust/power= M, (kg)/m,(kg/s)] can be expressed (in mks units) in the
limited-systems (such as fission electric rockets). The antimafollowing form:
ter systems we have discussed fit into the first category having

S

40—

20—

igure 12.—Total velocity impulse required for round trip
ballistic travel to Mar.41

flight profiles characterized by short burning periods separated 22
by long coast periods. The fusion systems, however, provide a t, = giﬂ(m +M )%‘)(p AVig, | -1 19
unique third category of engine capable of high thrust/tygh jet

operation and fast interplanetary travel.

_ The parametavl, (=M, + M| +Mp=M;+M) is the initial
Antimatter Systems spacecraft mass in Earth orbit and is composed of a propulsion

_ _ _ system mash,,, a payload madd, , and a propellant mak..
In assessing the performance potential of the antimattgme dry mass of the spacecraft is denoteMby

systems we have selected round-trip travel to Mars as the A 6 month quick trip&V = 30.5 km/s) and a 1 year round-
candidate mission. Simple estimates of the total velocity imtrip mission AV = 7.6 km/s) to Mars have been selected as the
pulse QV) for such a mission has been provided by Irving an¢andidate missions. Using Eq. (19) and its supporting equations,
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the system mass ratio, total engine burntime, and total propdtor the fission option the uranium fuel costs are low, requiring
lant requirements have been estimated. The antiproton aad investment of ~$12 million (M$) for the engine’s critical fuel
uranium fuel inventories required for the mission have also beenass /., estimated at ~0.1 kg per megawatt of reactor power
calculated along with an estimated fuel cost based on 5 M$/nawtput @,, = Pjel/r]j).

for antihydrogef and ~ 50 k$/kg for enriched uranium. A The 582 mg of antihydrogen required for the Mars quick trip
summary of the performance characteristics for solid, liquidby thep NERVA concept can be reduced by optimizing the
and gaseous core antimatter systems, and their fission analoggstem specific impulse for minimum antihydrogen ugkge.

is found in Table 3. The solid and liquid core systems assume\inimum use is achieved thag‘b= 0.63AV/g,= 1960 s. The
thurst level of 18 Ibf (~4.45¢<10°N) and the GCR systems a antimatter LCR concept operates near optimum conditions and
value 1/10th of that at @bf (~4.45<10°N). The 6-month Mars  could potentially perform the 6-month Mars mission with an
mission is difficult for both thep and U?3° versions of the initial mass in Earth orbit (IMEO) of ~474 t. The fission version
NERVA engine. It requires large propellant loadings and subef the LCR limited to ar, of ~1500 s due to enhanced fuel
stantial quantities of antihydrogen at significant cost. Payloadaporization has a higher IMEO (~795 t). TR&M,, was
delivery costs to low Earth orbit dominate total mission costsspecified at ~3.2 for the LCR systems (half the value irpthe
however, and amount to ~$5.6 billion (5.6 B$) and ~10.4 B$ foNERVA system) because of the need for a thick external
thepandUu?3® systems, respectively, assuming a Saturn V-classioderator/reflector necessary to ensure neutron economy in
launch vehicle with launch costs of ~$3300/kg (~$1500/Ibmjthe fission system. The radiator-cooled gas core fission rocket

Table 3 Summary of antimatter and fission engine performance

AV, km/s Ru ty, D Mp, t Mg mg/kg  Launch/Fuel costs

PNERVA: Py, = 2386 MWl = 1100 5, = 41 kg/s, M 15pg/s, My, + M= 100 t
305  16.9 108 1590 582 5.6 B$/2.9B$
76 202 0.69 102 37 0.7B$/0.2B$

kg, My + M, = 100 t

crit

NERVA: Pjo; = 1963 MWl = 900 5, = 50.4 kg/sM,, = M

30.5 317 16.9 3066 222 10.4 B/$ 11.7 M$
7.6 2.37 0.76 137.9 222 0.8 B$/11.7 M$

PLCR: Pjg; = 4362 MW,I,= 2000 .11y = 22.7 kg/s M= 26.1g/s, My, + My =100 t

30.5 4.74 4,58 374 430 1.6 B$/2.2 B$

7.6 1.47 0.58 47.4 545 0.5 B$/0.3 B$

Fission LCR:Pjet = 3267 MW,Ispz 1500 s,m_= 30.2 kg/sM, = 4M_;; kg,
MW + ML =100

30.5 7.95 6.39 695 1400 2.6 B$/70 M$

7.6 1.68 0.63 68.5 1400 0.6 B$/70 M$

PGCR:Pyg = 1080 MW, I, = 5000 5,1, = 0.9 kg/s, ;= 22.51g/s,
My, + M, =282t

30.5 1.86 75.0 243 6075 1.7 B$/30.4 B$
7.6 1.17 14.8 48.0 1199 1.1 B$/6.0 B$

Fission GCRPJ-et: 1080 MW,Isp: 5000 S,rhp= 0.9 kg/sM,, = mutb + 100 kg,
My +M =170t

30.5 1.86 45.2 146 830 1.0 B$/41.5 M$
7.6 1.17 8.94 29.0 245 0.7 B$/12.3 M$
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offers the best performance of all theand fission systems (s) m D

examined. Because the GCR engine featured here is an open Tgals) = EA % E (21)
cycle desigr1°’,2 a quantity ofu?3 fuel (r'nul rhp~ 0.5%) is f

exhausted from the engine along with the hydrogen propellant.

Added to this amount of losl?3are four critical core loadings (S) 0

(each at ~25 kg) required for the four major propulsion maneu- Trr(9 =Tpg +Tga = %l 15 (22)
vers. Thep GCR suffers from very high-fuel costs attributed to F/Wf

the larger engine weight (~182 t vs 70 t for fission GCR) and the

poorer coupling of the annihilation products to the working

2
fluid. RO 51% 1 g
D = -1 =D 23
AB(m) F/\Nf % \Jﬁa BA (23

Fusion Systems

High-power fusion rockets possess the best attributes of both D2
. . . . . go (s) 01
fission thermal engines (prolonged operation at relatively high Dga (M) = SP (24)
thrust) and the fission-powered electric propulsion systems B
(high 1. It is envisioned that the fusion spacecraft would
depar_t rom and return to geosynf:hronous Ea_rth orbl_t (GEO). InhereVVf Mfg is the dry weight, I/ = M. /Mg (Mg = M, +
traveling between planetary bodies, the sun is considered to A 0 BV B

:MEB~ Abeing the propellant used i |n traveling fr8mo

the only source of gravitational force. Because the initial accel: 1p= NFI’ /M. . andR,, = 1/(@B). By specifying a particular
eration Ievels for the fusion systems examined here range frorr] f M~ ysp gap

lanetary m|SS|on and its distance from Earth (1 astronomical
~3-5¢1073 g, (Mg,) (compared to the sun’s gravitational pull of P 1
~0.6 (mg) straight line trajectories can be assumed. To |IIusunlt (AU) = 1.49510" m), Egs. (23) and (24) can be used to

trate the performance potential for the fusion systems we hadetermlne It and 1B and their product, the spacecraft mass

ratio. By knowing the mass of the thrust producing sysiéy) (
considered one-way and round-trip continuous burn accelerand specifying a payload masd,( the IMEO, propellant

tion/deceleration trajectory profiles which assume congtgnt
) yp %9 requirements, and trip times can be calculated. Assuming a

F, andP,,, operation. The equations describing the transittimes
for the outbound and return legs of a journey fdin B (and pIanetary refueling capability, Egs. (21) and (24) can also be
used to calculate one-way results. In this &ge 1.

back again) along with the distances traveled are givéh by The performance characteristics for a spherical torus

| spheromak and inertial fusion rocket are summarized in
(9 = CAS) Dl%_ O (20 Tables 4-6. Table 4 indicates that with planetary refueling
AB possible, the STR can journey to Mars in ~34 days. The IMEO

Table 4 Spherical torus fusion rocket performance
STR characteristics

Polarized DH%, Isp=20 ks, rhp: 0.308 kg/so(p =5.75 kW/kgMy, = 1033 tM; =200 t

One-way continuous burn/constehg};trajectory profile:

Missiorf  D,g AU Ry Mt Mpt MM, % Tag days a, 10°g,

Mars 0.524 1.732 2135 902 9.4 33.9 ~2.9
Ceres 1.767 2.497 3079 1846 6.5 69.4 2.0
Jupiter 4.203 3.500 4427 3194 4.5 120.0 ~1.4

Round-trip trajectory results:

Missio? Ry (= 1ap) MHM-B MFE-A Mp-A m a8 TBA  TRT

Mars 2.664 1149 902 2051 3284 432 339 771
Ceres 4.667 2675 1846 4521 5754 100.5 69.4 169.9
Jupiter 7.783 5169 3194 8363 9596 194.3 120.0 314.3

&Closest approach distances to Earth.
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Table 5 Spheromak fusion rocket performance
SFR characteristics

Polarized DH8, 15 = 50 ks, M, = 4.95¢1072 kg/s,ap = 11.5 kW/kgMy = 515 t,

M, =200t

p

Round-trip continuous burn/constdggtrajectory profile:

Missior? Dag, AU Ry Mt Mpt ML/M;, %°  1ap days Trr, days

Mars 0.524 1.465 1047 332 19.1 40.6 77.6

(1.222) (872) (157) (23.0) (36.7) -——=
Ceres 1.767 1.923 1375 660 14.5 83.2 154.0
Jupiter 4203 255 1823 1108 11.0 114.4 258.7

8Closest approach distance to Earth.
bFor outbound leg of journey.

Table 6 Inertial Fusion Rocket Performance
IFR characteristics

Cat-DD, Isp = 270 ks, M= 0.015 kg/sap = 110 kW/kg My = 486 t M = 200 t

Round-trip continuous burn/constag};trajectory profile:

Missior? Dag, AU Ry (= 1aB) Mi,t M~A t MU/M;, % Tag days Tgy days

Mars 0.524 1.104 757.3 71.3 26.4 27.7 55.0
Ceres 1.767 1.196 820.5 1345 24.4 53.1 103.7
Jupiter 4.203 1.309 898 212.0 22.3 84.6 163.6

Saturn 8.539 1.453 997 311.0 20.1 125.5 239.8
Uranus 18.182 1.689 1159 473.0 17.3 194.1 364.7
Neptune 29.058 1.901 1304 618.0 153 257.3 476.9
Pluto 38.518 2.063 1415 729.0 141 306.6 562.7

8Closest approach distances to Earth.
bFor outbound leg of journey.

is 2135t of which ~42% is propellant, 9.4% is payload and 48% The STR and SFR results assumed the use of spin polarized
is engine. The initial acceleration level is ~3 wghich is 5 DHe® in order to eliminate neutron radiation and obtain a lighter
times the value of the sun’s gravitational pull at Earth. Jupitespacecraft. If the benefits of spin polarized Bl not achiev-

can also be reached in ~4 months with a propellant loading able, magnetic fusion engines can still burn deuterium but at the
~3200 t. Without a planetary refueling capability, the spacecrafixpense of increased mass. By exploiting the high repetition rate
must carry along sufficient propellant for the return trip. Thisand target gain possibilities of inertial confinement fusion, the IFR
requirement increases the overall IMEO and mission duratioran not only burn abundant deuterium fuel efficiently, but it can do
The spheromak being lighter can operate at reduced propellast with a relatively lightweight engine system (<500 t) (see
flow rates and higher specific impulse and still maintain initialTable 6). And whereas MCF rockets can reach out into the solar
acceleration levels of several milligees. With the SFR roundsystem by employing planetary refueling, the IFR can perform
trip missions to Jupiter of ~8.5 months are possible with amund-trip missions to Pluto (carrying a 200 t payload) in ~18.5
IMEO ~1823 t and with a payload mass fraction of over 10%months (no refueling required). The IMEO would be 1415 t with
(In all of the results shown, it is assumed that an equivalemtropellant and payload mass fractions of ~52% and ~14%, respec-
amount of payload is returned.) The SFR can also perform ontively. We know of no other advanced propulsion concept with this
way missions to Mars in ~37 days with initial mass requirementsapability. Tritium would be bred onboard the spacecraft to
under 875 t (results shown in parentheses). facilitate ignition of the DD fuel pellets and the deuterium fuel load
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which comprises ~10% of the propellant inventory would cosexhausted directly at hngp (<10'5 s) or mixed with additional
~73 M$ at current prices of ~§1Bg. hydrogen for thrust augmentation. Magnetic fusion engines
with specific powers in the range of 2.5-10 kW/kg bgbd)f
20,000-50,000 s could enable round-trip missions to Jupiter in
less than a year. Inertial fusion rockets vuibh>100 kW/kg and

ISp > 10 s offer outstandingly good performance over a wide

The purpose of this chapter has been to compare variof2"9€ _ofinterpla_netary destinatior_ls and rou_nd-triptimes. Even
antimatter and fusion rocket concepts in an effort to obtain 50 IS accessible with round-trip travel times of less than
clearer understanding of the advantages and disadvantage¥€@'s- Finally, whereas synthetic antihydrogen mustbe manu-

associated with each system. The areas examined have includfdgfured, stable fusion fuels are found in abundance throughout

fuel cycle characteristics, physics and technology requirementdl€ solar system (particularly the outer gas planets). Fusion

mission performance capability, and fuel cost and availability°Ckets employing planetary refueling at selected locations

issues. A number of subject areas have not been address&d9- Mars, Callisto, and Titan) could open up the entire solar

These include the antiproton reactivity issue at elevated teriySt€m to human exploration and colonization.

Conclusions

peratures, methods for injecting antiprotons into high-pressure
gas/plasma reaction chambers, the effect of pion—nucleon col-

lisions on slowing down, and the assumption of lightweighRe€ferences

systems for the storage, extraction, and injection of antiprotons.
All of these issues are expected to be important in the realization.
of a working anitmatter system.

On the basis of preliminary results obtained thus far, antimat-
ter thermal rockets utilizing solid and liquid fission core reactor 2.
concepts offer the potential for high-thrust (~4L6> N)/high
ISp (up to ~2000 s) operation. The antimatter liquid core engine3.
is capable of 6-month round-trip missions to Mars with IMEO
<500 t and a system mass ratio of ~4.75 close to the optimum
value of 4.9 obtained for minimum antihydrogen usage. The
fuel costs are still large, however, because of the substantiad.
IMEO requirements for the Mars mission. Furthermore pthe
LCR is outperformed by the radiator-cooled, fission GCR in
terms of IMEO, launch and fuel costs which brings into question5.
the rationale for developing the more compbesystem.

The coupling of the annihilation energy contained in the
relativistic charged particles appears more difficult in high-
temperature gaseous or plasma working fluids. Because highé.
field (>10 T) superconducting coils will be needed to improve
energy coupling, they must be heavily shielded to minimize the
power and mass requirements of the refrigeration system. In
addition to a substantial radiation shield and magnet mass, an
antimatter gas core design would require a large space radiator
to dissipate unwanted gamma-ray power. Regenerative cooling.
of the shield/pressure vessel configuration requires a significant
propellant flow rate into the cavity due to the large gamma
power component. This quickly overwhelms the higgb 8.
feature of the gaseous core concept.

By contrast, fusion rocket engines burning the advanced
fusion fuels Cat-DD or DHeproduce mainly stable hydrogen 9.
and helium reaction products which quickly thermalize in the

bulk plasma. The bremsstrahlung power loss, which is emittet.

primarily in the soft x-ray photon range, can also be readily

handled in a lightweight shield/blanket configuration and used1.

to generate recirculating power for the system. The energetic
particles which collisionally diffuse out of the plasma can be

23

Morgan, D.L., “Investigationa of Matter Antimatter Inter-
action for Possible Propulsion Applications,” NASA CR—
141356, 1974.

Forward, R.L., “Antiproton Annihilation Propulsiod@ur-
nal of PropulsionVol. 1, 1985, p. 370.

Forward, R.L., “Exotic Propulsion in the 21st Century,”
Proceedings of the American Astronautical Society, 33rd
Annual Meeting, AAS 86-409, Boulder, CO, Oct. 27-29,
1986.

North, D.M., “USAF Focuses Development on Emerging
Technologies,Aviation Week and Space Technoldgy
Vol. 19, Feb. 24, 1986.

Forward, R.L., Cassenti, B.N., and Miller, D. , “Cost
Comparisons of Chemical and Antihydrogen Propulsion
Systems for High DV Missions,” AIAA Paper 85-1455,
July 1985.

Howe, S.D., Hynes, M.V., Prael, R.E., and Steward, J.D.,
“Potential Applicability of the Los Alamos Antiproton
Research Program to Advanced Propulsion,” Proceedings
of the 15th International Symposium on Space Technol-
ogy and Science, LA-UR-86-1689, Tokyo, Japan, May 19—
23, 1986.

Forward, R.L., “Antiprotron Annihilation Propulsion,” Air
Force Rocket Propulsion Lab., AFRPL-TR-85-034,
Aug. 15, 1985, p. 55.

Altseimer, J.H., et al., “Operating Characteristics and Re-
quirements for the NERVA Flight Engine,” AIAA
Paper 70-676, June 1970.

Ragsdale, R.G., “To Mars in 30 Days by Gas-Core Nuclear
Rocket,”Astronautics and Aeronauticgol. 65, Jan. 1972.
McNally, J.R., Jr., “Physics of Fusion Fuel Cycles,”
Nuclear Technology/FusigVol. 2, Jan. 1982, p. 9.

Wittenberg, L.J., Santarius, J.F., and Kulcinski, G.L.,
“Lunar Source of H&for Commercial Fusion Power,”
Fusion Technologyol. 10, Sept. 1986, p. 167.



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Kulsrud, R.M., Furth, H.P., Valeo, E.J., and Goldhaber, M .28.

“Fusion Reactor Plasmas with Polarized NuckhYsics
Review Lettersvol. 49, 1982, p. 1248.

Adyasevich, B.P., and Fomenko, D.E., “Analysis of Investi29.

gation of the Reaction D(d,p)T with Polarized Deuterons,”
Soviet Journal of Nuclear Physjégol. 9, 1969, 167.
Cassenti, B.N., “Design Consideration for Relativistic
Antimatter Rockets,” AIAA Paper 81-1531, July 1981.

Morgan, D.L., “Concepts for the Design of an Antimatter30.

Annihilation Rocket,”Journal of the British Interplan-
etary SocietyVol. 35, 1982, 405.

Cassenti, B.N., “Antimatter Propulsion for OTV Applica-
tions,” AIAA Paper 84-1485, June 1984.

Barkas, W.H., and Berger, M.J., “Tables of Energy Losse31.

and Ranges of Heavy Charged Particles,” NASA
SP-3013, 1964.

Peng, Y.-K.M., Strickler, D.J., Borowski, S.K., et al,,
“Spherical Torus: An Approach to Compact Fusion at

Low Field - Initial Ignition Assessments,” ANS 6th Top. 33.

Mtg. on Tech. of Fusion Energy, San Francisco, CA,
March 1985.

Katsurai, M., and Yamada, M., “Studies of Conceptual
Spheromak Fusion Reactor§uclear FusionVol. 22,
1982, 1407.

Bernabei, S., et al., “Lower-Hybrid Current Drive in the PLT
Tokamak,”Physics Review Lettergol. 49, 1982, 1255.

Borowski, S.K., “A Physics/Engineering Assessment of a
Tokamak-Based Magnetic Fusion Rocket,” AIAA Paper
86-1759, June 1986.

Stott, P.E., Wilson, C.M. and Gibson, Ryclear Fusion
Vol. 17,1977, 481; anduclear FusionVol. 18,1978, 475.

Yamada, M., “Review of Experimental Spheromak Re-
search and Future Prospectjsion Technologyol. 9,
1986, 38.

Dawson, J.M., and Kaw, P.K., “Current Maintenance in
Tokamaks by Use of Synchrotron RadiatioRHysics
Review Lettersvol. 48, 1982, 1730.

Bickerton, R.J., Connor, J.W., and Taylor, J.B., “Diffusion
Driven Plasma Currents and Bootstrap Tokamis&ture,
Physics Sciencé&/ol. 229, 1971, 110.

Duderstadt, J.J., and Moses, GlAaertial Confinement
Fusion Wiley, New York, 1982.

Nuckolls, J., Wood, L., Thiessen, A., and Zimmerman, G.,
“Laser Compression of Matter to Super-High Densities:
Thermonuclear (CTR) ApplicatiorNature Vol. 239,
1972, 139.

24

32.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Hyde, R., “A Laser Fusion Rocket for Interplanetary Pro-
pulsion,” 34th International Astronautical Conf., AlF
Paper 83-396, Budapest, Hungary, Oct. 1983.

Rom, F.E., “Fastand Moderated Reactors and Applications
of Low-Power Nuclear RocketsNuclear, Thermal and
Electric Rocket Propulsigredited by R.A. Willaume, A.
Jaumotte and R.W. Bussard, Gordon and Breach Science,
New York, 1967, p. 162.

Rom, F.E., “Fastand Moderated Reactors and Applications
of Low-Power Nuclear RocketsNuclear, Thermal and
Electric Rocket Propulsigredited by R.A. Willaume, A.
Jaunotte, and R.W. Bussard, Gordon and Breach Science,
New York, 1967, p. 75.

Ragsdale, R.G. , “Gas-Core Rocket Reactors—A New
Look,” AIAA Paper 71-641, June 1971.

Ragsdale, R.G., “High-Specific-Impulse Gas-Core Reac-
tors,” NASATM X-2243, NASA/Lewis Research Center,
March 1971.

Rosenbluth, M.N., and Longmire, C.Annals of Physigs
1957, 1120.

Glasstone, S., and Lovberg, R.Eontrolled Thermo-
nuclear Reaction®. Van Nostrand, Princeton, NJ, 1960,

p. 336.

Rom, F.E., “Nuclear Rocket Propulsion, NASA/Lewis
Research Center, TM X-1685, Cleveland, OH, 1968.
King, C.R., “Compilation of Thermodynamic Properties,
Transport Properties, and Theoretical Rocket Performance
of Gaseous Hydrogen,” NASA/Lewis Research Center,
NASA TN D-275, Cleveland, OH, April 1960.

Post, R.F., “Experimental Base of Mirror-Confined Phys-
ics,” Fusion edited by E. Teller, Academic Press, New
York, Vol. 1, Pt. A, 1981, p. 430.

Glasstone, S., and Lovberg, R.Eontrolled Thermo-
nuclear Reaction®. Van Nostrand, Princeton, NJ, 1960,

p. 31.

Glasstone, S., and Lovberg, R.Eontrolled Thermo-
nuclear ReactionsD. Van Nostrand, Princeton, NJ, 1960,

p. 28.

Krall, N.A., and Trivelpiece, A.W.Rrinciples of Plasma
Physics McGraw-New York, 1973, pp. 302—-303.

Irving, J.H., and Blum, E.K., “Comparative Performance of
Ballistic and Low Thrust Vehicles for Flights to Mars,”
Vistas in AstronauticsVol. 11, Pergamon Press, New
York, 1959, p. 191.

Shepherd, L.R., “Interstellar Flighg®urnal of the British
Interplanetary Societyol. 11, 1952, pp. 149-167.



Form Approved
OMB No. 0704-0188

REPORT DOCUMENTATION PAGE

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this

collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson
Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503.

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE

March 1996

3. REPORT TYPE AND DATES COVERED
Technical Memorandum

4. TITLE AND SUBTITLE 5. FUNDING NUMBERS

Comparison of Fusion/Antiproton Propulsion Systems for Interplanetary Trayvel

. AUTHOR(S)

WuU-242-10-01

Stanley K. Borowski

. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

8. PERFORMING ORGANIZATION
REPORT NUMBER

National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135-3191

E-9712

. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES)

10. SPONSORING/MONITORING
AGENCY REPORT NUMBER
National Aeronautics and Space Administration

Washington, D.C. 20546—0001 NASA TM-107030

AIAA-87-1814

11. SUPPLEMENTARY NOTES

Prepared for the 23rd Joint Propulsion Conference cosponsored by AIAA, ASME, SAE, and ASEE, San Diego, (
June 29—July 2, 1987. Responsible person, Stanley K. Borowski, organization code 6850, (216) 977—7091.

alifornia,

12a. DISTRIBUTION/AVAILABILITY STATEMENT

12b. DISTRIBUTION CODE

Unclassified - Unlimited
Subject Categories 16 and 20

This publication is available from the NASA Center for Aerospace Information, (301) 62110390.

13. ABSTRACT (Maximum 200 words)

Rocket propulsion driven by either thermonuclear fusion or antiproton annihilation reactions is an attractive conce
of the large amount of energy released from a small amount of fuel. Charged particles produced in both reacti

manipulated electromagnetically making high thrust/high specific imdul$@|peration possible. A comparison of the p:rys-

ics, engineering, and costs issues involved in using these advanced nuclear fuels is presented. Because of the u
of the antiproton-protorpp) reaction products, annihilation energy must be converted to propulsive energy quickly. A
ter thermal rockets based on solid and liquid fission core engine designs offer the potential for high tﬁrlhrt)l(ﬂgjﬁ)lsp
(up to ~2000 s) operation and 6 month round trip missions to Mars. The coupling of annihilation energy into a high
ture gaseous or plasma working fluid appears more difficult, however, and requires the use of heavily shielded suf
ing coils and space radiators for dissipating unused gamma ray power. By contrast, low-neutron-producing advar
fuels (Cat-DD or DH®) produce mainly stable hydrogen and helium reaction products which thermalize quickly in
plasma. The energetic plasma can be exhausted directly agrmgho%) or mixed with additional hydrogen for thrust a
mentation. Magnetic fusion rockets with specific powegg {n the range of 2.5 to 10 kW/kg ahg}in the range of 20,00(
50,000 s could enable round trip missions to Jupiter in less than a year. Inertial fusion rockegs>vii® kW/kg andsp
> 10Ps could perform round trip missions to Pluto in less than 2 years. On the basis of preliminary fuel cost and misg
ses, fusion systems appear to outperform the antimatter engines for difficult interplanetary missions.

Dt because
bns can be

stable nature
ntimat-

-tempera-
erconduct-
ced fusion
he bulk
Lig-

ion analy-

14. SUBJECT TERMS

15. NUMBER OF PAGES

Gas core rocket; Fusion propulsion; Antiproton; Nuclear thermal rocket; NTR; Magnetic 26
. . . 16. PRICE CODE
confinement (MCF); Inertial confinement (ICF) A03

17. SECURITY CLASSIFICATION
OF REPORT

18. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT

OF THIS PAGE
Unclassified

19. SECURITY CLASSIFICATION
OF ABSTRACT

Unclassified Unclassified

NSN 7540-01-280-5500

Standard Form 298 (Rev. 2-89)

Prescribed by ANSI Std. Z39-18
298-102



