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Laser pulse propulsion is a technology that can deliver attractive performance as measured not only
by specific impulse, but also by thrust and power-to-weight ratios for voyages throughout the solar
system. The smplest laser pulse propulsion operatesby vaporizing coated plastic pelets in a thrust-
generating nozzle assembly. Initial estimates show this should not only be competitive with current
advanced propulsion systems but more advanced laser propulsion versions using pellets that are filled
with a deuterium-tritium mixture can significantly increase the exhaust energy). These pellets havethe
potential to move well beyond the ultimate performance of currently proposed advanced propulsion
systems. Advanced systems could use U-238 coated propellant pellets filled with D-T to extend the
ener gy balance beyond breakeven. Excess neutrons captured in a U-238-containing nozzle assembly will
further increase the performance. Later improvements could replace the laser with eectron beams, ion
beams, or even antiproton beams. All of the improvements depend on the feasibility of developing a
competitive laser-heated pulse pellet system. Oncethis system is developed, improvements can be added
incrementally, leading to game-changing pulsed-nuclear fusion propulsion that would redefine the
future of space exploration.

Nomenclature

E = laser output energy

F = thrust

o = standard gravity

lsp = specific impulse

m = power supply mass

N = pellet injection rate

r = solid pellet radius

Ve = exhaust velocity

a = mass-to-power ratio for power supply
n = fraction of laser pulse energy transformed tlirnated exhaust
el = pellet density
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. Introduction

Lasers have been considered as a means to propspaeg vehicles for over 50 years. Concepts incllifie
propulsion by direct photon momentum transfeand 2) laser-heated propelletitsProposals for the use of
lasers in propulsion are frequently consideredifaring inertial confinement fusiénThe difference between laser-
heated propellants and laser-driven inertial canfiant fusion is the requirement for considerablyemower. This
connection can be exploited to create high speicifulse, high thrust space propulsion.

The earliest concepts in laser propulsion usedntbenentum of the emitted photons as thrust. For elam
Eugene Sangérconsidered the annihilation of electrons and pmsit into gamma rays. Later, Robert Fonfard
considered lasers focused by lenses the size dfitden to focus lasers in orbit about the Sun. Obsip both of
these are well beyond any current technologicgeptimns.

A concept that could be pursued today is laserdaeptopellenfs®. The exhaust velocity is not limited by the
chemical energy stored in the fuel and oxidizeresSehpropellants could theoretically produce exheaeilsicities in
excess of 10 km/s, or thrusts large enough tophiffloads from the surface of the efrtimstead of heating the
propellant directly, pellets could be vaporized] éme resulting vapor could be used to providedhriihe ultimate
goal in laser-heated propellants is fusion propulsiFusion would not only provide the necessanppision for
deep space lunar and interplanetary missions, butdialso propel interstellar precursor missiond ewen robotic
missions to the nearer stafs

Laser pulse propulsion is a technology that caivelekxceptional performance measured not onlygsciic
impulse, but also by thrust and power-to-weighiogafor voyages throughout the solar system. Thepksst laser
pulse propulsion operates by vaporizing coatedtiplg®llets in a thrust-generating nozzle assenalslyshown in
Figure 1. Initial estimates show a fully develogader-heated pellet pulse propulsion system shoatdonly be
competitive with current advanced propulsion systebut with more advanced laser propulsion versiasiag
pellets that are filled with a deuterium-tritium-{D mixture (to increase the exhaust energy). Thedlets have the
potential to move well beyond the ultimate perfonce of currently proposed advanced propulsion Byste
Advanced systems could use U-238 coated propgialiets filled with D-T to extend the energy balarteeyond
break-even. Excess neutrons captured in a U-23&icdmg nozzle assembly will further increase tleef@rmance.
All of these improvements depend on the feasibiitydeveloping a competitive laser-heated pulséepslystem.
Once this is developed, improvements can be adde@mentally, leading to a game-changing pulsedeanc
fusion propulsion that would redefine the futurespiice exploration. Later improvements could repkhe laser
with ion beams or even the beams of antiproton}) thie ultimate goal being the development of akimgy pulse-
nuclear fusion propulsion system.

Parabolic "pusher" plate

Laser power in

Uz
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7.0

Laser power in

Figure 1. Pellet with parabolic pusher plate

The primary problem in fusion propulsion is redggthe technical risk in the development of the edlssion
propulsion systems. This problem is best approadlyedeveloping pulse propulsion systems that doneatd to
ignite a fusion reaction but are still competitivith other technologies. A possible approach wdddo use lasers
or particle beams to heat pellets and use the #ideamergy for propulsion. Such a system would drive
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development of robust, lightweight power systenificient lasers, and possibly even compact partiogam
accelerators. Later fusion fuel could be addecheogellets to boost the specific impulse withdittb no loss in
thrust and specific impulse. A self-sustaining dmsireaction would not be required during the dgwelent since
power would be provided externally. Only the highgsecific impulse (on the order of 1,000,000 selsdwould
actually make use of the fusion breakeven techiyolog

1. Laser-Heated Pulse Pdlet Propulsion

Chemical rockets have been the mainstay of deagespropulsion for the last 50 years. Their high
thrust/weight ratio andl, performance can readily lift payloads from thefate of the earth to orbit, but for non-
Hohmann trajectory deep space missions, the paogethass required becomes excessive. There amnsgtr
propulsion systems that could potentially allevidiie high propellant masses that chemical propulsaguires.
Unfortunately, as the specific impulse increasks, thrust generally decreases. The result beingedoction in
mission time, but there is a significant decreasgropellant mass. Hence, current technologiesoieeem to offer
relief from the long mission times required for gims throughout the solar system.

In Table 1, chemical propulsion is compared t@¢hother technologies: 1) nuclear thermal propnlsibich
was demonstrated in the NERVA program in the e&fyO0s, 2) solar-heated propellants which are yetbeo
conclusively demonstrated, and 3) electric propulsihich is already in limited use. Electric pragah consists of
several types, including: 1) Hall Effect thrustessth a specific impulse (typically 2000-2500 secend2)
MHD/MPD thrusters (which includes VASIMRwith a specific impulse (typically 1200-5000 seds), 3) arc jets
with a specific impulse (typically 900-1200 secondmsd 4) ion, or electrostatic thrusters (withafie impulse in
the 1200-2500 second rangA¥ seen in Table 1, the thrust-to-weight ratiotfoe highest specific impulse rockets
is quite low. Pulse-nuclear fusion propulsion teabgies can circumvent the problem of low thrushigh specific
impulse with a specific impulse of over 200,000s®ts and a thrust-to-weight ratio of ¥,lbut would potentially
require a long, risky development program befbey could be demonstrated.

Table 1. Typical Performance of Propulsion Systems™

Propulsion System Specific Impulse — seconds Thos8Yeight
Chemical 200 — 600 5x18— 200
Nuclear Thermal 750 — 1000 5x16 50
Solar-Heated Hydrogen 600 — 1000 5%105x10°
lon 1000 — 3500 1x10- 8x10°

The primary problem is reducing the technigsk in the development of pulse fusion propulssgatems. The
problem is best approached by gradually steppint yguise fusion propulsion by developing pulseppision
systems that do not need to ignite a fusion readtid are still competitive with the technologiesTiable 1. A
possible approach would be to use lasers or pattighms (e.g., the Daedalus prdj@¢o heat pellets and use the
resultant thermal energy for propulsion. Free etectasers would be particularly well-suited siticey can be
tuned to a desirable frequency, and would bridgegtip from conventional laser heating to partidar heating.
Such a system would drive the development of roliigsitweight power systems, efficient lasers, andsibly even
compact particle beam accelerators. Note that adthohe lasers and the particle beam acceleratuivhave a
very high specific impulse, they would also provakeeedingly low thrust and thrust/power ratiosatitey pellets
instead of directly using the lasers would incretisethrust at the expense of specific impulseidruisiel could
then be added to the pellets to boost the spagificlse with little to no loss in thrust. A selfstaining fusion
reaction would not be required during the developnoé a pulse fusion propulsion system since paveetd be
provided externally. Only the highest specific ingau(on the order of 1,000,000 seconds) would #gtoeke use
of the more challenginigreakeven fusion technology.

The question that remains is whether a laser-hgaikse pellet system can be competitive with ofiparce
propulsion systems. A rough model can be develtpedtimate the performance by borrowing the aealysom
the inertial confinement fusion commurlityif a fraction,s7, of the laser pulse energf;, , becomes collimated
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exhaust using a suitably shaped reflector/nozylbeating a pellet of radius’,, and density,0 , then the specific

impulse, | - is approximately given by

v, 1 [3E
| =_& = _—, (1)
¥ 0y 9 \2r®

whereV, is the exhaust velocity and, is the acceleration of gravity at the surfacenef éarth.
In equation (1) the work flow of the nozzle has heeglected, effectively replacing the specificthetaconstant
pressure with the specific heat at constant voludote that the efficiencyr, can be taken as the overall efficiency
of the laser system.

The thrust-to-mass ratio can be found by takingtkimest,F , as the mass flow rate multiplied by the exhaust

velocity. Since the mass flow rate is just the giathass times the pellet injection rafd,, the thrust can be written
as

F :%npr?’l\]lspgo. )

The mass of the laser pulse propulsion systembgilassumed to consist mainly of the power supplyHe laser.
Assuming a fission reactbis used then the massq, of the power supply will conservatively requirel@
kg/kwe’*® of the laser power. In reference 13, a value Bfk§/kWe was used. The thrust-to-weight ratio (ilee
thrust-to-mass of the power supply in units of¢heth’s gravity) becomes,

F _4mpriNig @)
mg,  3aE
where @ is the mass-to-power ratio for the power genemnatiequations (1) and (3) can be combined to yield a
relationship between the thrust-to-weight ratiotfue power supply and the specific impulse in sdsorThe result

IS
F 27 @)

Mgy ¥ 0’93

Estimates for the performance can now be compl@edsider pellets with an overall density of 1 gland a
diameter of 2 mm. If the conversion efficiency wi#®6, then a 1 MJ laser pulse would have a speiaiffise of
about 22,000 seconds. For 100 pellets per secandditotal power of 100 MW), the thrust would9eN, and the
thrust-to-weight would be about 3x10Although certainly very advanced, this would @rfprm any of the
systems in Table 1 in specific impulse and equalprformance in thrust-to-mass for ion propulsigstems. Note
that an increase in the pellet mass will yield iddal thrust at the expense of specific impuls&imglaser-heated
pulse propulsion competitive with the other tecloiggds listed in Table 1. The efficiency of the lasgstem,
including the laser itself and any beam-shapintecédr system, is not high enough to warrant aimese of 10%.
However, even 1% would only decrease the speciffsuise by a factor of 3, thrust and thrust-to-weigpa factor
of 10, and laser-heated pellets would remain coitiyaet If electron beams or particle beams weredugbe
efficiency would be better but the mass would iasge A conversion efficiency of 1% is near the minin, while,
of course, an efficiency of 100% is the maximumnéke we can provide bounds on laser-heated pullbet pe
propulsion and add them to Table 1. The specifipuise would vary from about 7,000s-70,000 secoadd,the
thrust-to-weight from 18 to 10* This is certainly competitive, and warrants sesi@onsideration for deep space
propulsion.

Laser-heated pulse pellet propulsion systems ateswited to variable-specific impulse rockets. ddg, the
exhaust velocity should be equal to the total ckangspeed of the rocket. The rocket would thervedrall of the
energy released in the propellant into the kinetiergy of the motion.

In laser-heated pellets, variable specific impulae be achieved via three methods: 1) changingétiet
radius, 2) changing the material mix to producdedént effective densities, and 3) changing lasevgr-ratio to
pellet-weight-ratio. The second choice is bettantthe first; it would minimally affect the lasgrsséem if the radius
were kept constant. The third choice changes tfeetefe pellet vapor temperature, and changes esthalocity
and specific impulse as a result
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Of course, a change in specific impulse will uspgtoduce a change in thrust. Missions would hagh h
thrust initially, where low specific impulse profsgits would not require excessive speed changgs (e.escape
from low-Earth orbit), and would result in a de@eadn the mission time (i.e., there is no neecptmbout of orbit).
This is the same capability as proposed in VASIMIR

[I1. Pellet Improvements

Although laser-heated pulse pellet propulsion magampetitive today with existing proposals, ithe promise
for the future that makes it an excellent choicedevelopment. Using the Laser Accelerated Plasmaufsion
System (LAPPS) proposed by Terry Kammiasthe exhaust velocity could be significantly imped. Adding
propellant or explosives to the pelfef would further improve the thrust, but decreasespecific impulse. The
performance can also be improved if a hollow pe#iefilled with deuterium and tritium (D-T); thetense laser-
induced compression heating will produce some fuséactions and a significant additional energgasé beyond
the laser input. Of course, breakeven is not reguiHowever, any additional fusion energy wouldréase the
performance at no cost to a pellet consisting of @ithout fusion. A shell of uranium 238 would pidg a sink
and a source for neutrons by adding fission end¢ogyhe pellet. The shell would not only provide rired
confinement for the internal D-T fuel, it would aladd energy by absorbing fast neutrons emittethéyusion of
D-T in the pellet's hollow core once the uraniumcismpressed. Uranium fission would also recompeess
leftover/unreacted D-T, resulting in the creatidrmdditional fusion reactions.

Additional improvements to the pellet include adgiithium?® and igniting the pellet from the inside out (i.e.,
Magnetically Insulated Inertial Confined FusionMICF?). . In MICF, the laser beam passes through a tiollee
pellet center where it ignites a fusion reactioattpropagates toward the outside. MICF will alsgn#icantly
increase transient magnetic fields, further confinihe plasma. The outside of the pellet has a-tigisity shell
that inertially confines the fusion reaction foettime it takes the compression wave to traveluphathe pellet and
shell.

In pellets consisting of lithium and deuterium, tdesorption of a neutron by lithium-6 will fissidhe lithium.
The neutron absorption will create the helium aittiin required for fusion. This would allow fordfconstruction
of non-cryogenic pellets, but would require a digant increase in the density, causing a consilermcrease in
the power required for the compression.

IV. Driver Improvements

Improvements to the laser driver are just as ingmaror achieving nuclear pulse propulsion as impnoents to
the laser itself. Possible improvements include:tig use of a free electron laser (FEL) to prodimtense
collimated beams of X-rays, 2) replacing the lasih electron or ion beamf¥ and 3) the use of antiprotons as a
trigger for fission or fusion reactioffs™

FELs can theoretically be tuned to any frequenay, their bulk and weight require considerable power
Nevertheless, it should be possible to produceneamse X-ray beam that could efficiently and effety compress
pellets. This is especially important if lithiuma®d deuterium are used as the fusion fuel.

An obvious improvement over lasers is to use ebecor ion beams. Since the beams now consist oft|es
with mass, they carry significantly more momentuna @re more effective than photons at inertial ivamhent.
The Daedalus Projégtwhich considered an interstellar fly-by missiazame to the conclusion that inertial
confinement fusion using ion beams for the compoesef the pellet was the most effective means Imctv to
produce the high specific impulse (about 1,000 £8bnds) required.

The highest energy densities can be obtained hyngtthe energy as antimatter, preferably in thenfef
antiprotons. Of course, producing and storing aotgns in large quantities is not possible todayt particle
accelerators that use antiproton beams have beékenTimalay, the quantities that can be producecuatip are small
(about 10 nanograms per y&pr but even small quantities would be useful asigger for fissioR” or fusion
reactions. For example, in reference 22, antipmo@me annihilated in uranium at the center of acMpellet. The
uranium fissions and the high energy nuclear fragmare then used to begin a fusion reaction thapamates
through the pellet. Recall that MICF produces istemmagnetic fields that should contain the expansibthe
fusion fuel ions long enough to allow the fusioaa®on to begin. It should also be noted thatef éimtiprotons have
the correct energy, it should be possible to petgiannihilate them on the uranium at the centethef pellet
without the need for a hdfe
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V. System Considerations

Of course, many major technical challenges rentaon.example, the efficiency (light-energy-out-toeegy-
in ratio) of lasers is generally low (some efficgrievels are as low as a few percent), and thé&cehaf the laser
system must match the properties of the péfisis that the rate of absorption is nearly 100%eNbat the process
starts with absorption heating of the pellet swefpmducing plasma that absorbs more light andfeas heat to the
solid surface below, vaporizing it and continuihg process. The heated plasma expands and congptiesgeellet
surface below, creating an inward-radial accelerditnplosion. Specialized coatings would help. Algieheating
repetition rate of 100 laser shots per second ite dugh. The fast refresh rate for high-power faseill be a
challenge. The power system must be able to reehthrg laser in the short time available. The pelfatist be
targeted accurately this task may require an elaborate control systesn example, control system difficulties can
be reduced if the pellets are part of a pearl-ileeklace fed into the laser thruster's focal poit. of these
engineering problems are being addressed by thainision community, along with many other preivis shared
by these two technologies. As a result, advancesnantlaser-heated pulse propulsion technology ertial
confinement fusion technology can be applied toather.

Lightweight power systems must also be developatiate currently being addressed by the space coitynu
Addressing these aspects would help to decreassysitern mass. Nuclear fission power can provideegathat are
even lower than the 3.2 kg/kW assumed and mighiaiigtdecrease to values less than’one

The engine nozzle is an important consideratioih appears that a transpiration-cooled nozzlecsiire might
be desirable so that the coolant becomes parteofrifust-producing exhaust. If the nozzle is mwiér than the
pellet, the nozzle surface may see rarefied floe:,(the mean free path of gas molecules or atemsuch larger
than physical dimensions of elements with whictytimeeract). This will drive the nozzle geometrylte parabolic.
If the nozzle is smaller, and its surface seesicounin flow, then hypersonic flow will drive the gi&to be more
conventional as in bell rocket nozzles.

For lower specific impulse systems, where the taatpees are relatively low, a simple parabola e@bhetion
“pusher plate” nozzle may be adequate. If the puplate is cooled, then the energy of the heatethobd could be
fed back into the lasers to increase the overfilieficy. Finally, in the future, an effective maggit nozzle can be
developed for the case of very high specific impuser-heated pellets where contact with the fiawld rapidly
deteriorate the nozzle wall. A magnetic nozzle mayhe optimal solution in this case.

In all cases, it may be necessary to keep theasiderelease of charged particles very low so agmpbse a
radiation threat that adds particles to the Varibelts.

We need to clearly state the difference betweerusien power challenge, which must exceed breakéive.,
energy-out-to-energy-in ratios greater than onegZmared to pulse propulsion applications which db meed to
achieve breakeven to be practical. Laser-heatkse pellet propulsion focuses on simply vaporiziefets — as the
“working fluid” — by using lasers with the poteritia evolve into pulse fusion propulsion systemsc#&ll that this
technology is designed to evolve from a simplerasgorized pellet pulsed propulsion technologyhe concept
where additional energy is extracted from D-T fuasilt does not go beyond breakeven, but signiflgantreases
the performance (both specific impulse and powen&ss). In the next evolutionary step, fast newrm@ieased
from the D-T fusion reaction can be used to fisdibA38 nuclei. A layer of U-238 will be used to tdae pellets.
This coating will further increase the specific inlge and power-to-mass ratio of the system. Depgndn pellet
size and ratio of D-T to U-238, the energy producedld even exceed breakeven. Exceeding breakeileocaur
when the U-238 undergoing fission recompressesutiteacted D-T “residue” that will then be fusingtB-T
without increasing the power used by the laserghénfinal system, to save mass, lasers may baageglwith light
ion beams or even antimatter to trigger the fuseactiort’.

The infrastructure for most of the technology isrently present within the United States. The lasision
community is actively conducting further researttha National Ignition Facili§. The knowledge gathered at the
facility is a key component of the LHPPP (Laser-tddaPellet Pulse Propulsion) development programe. flision
community power activities will also be a criticantribution to the future of LHPBP Not only is laser heating an
important component of LHPPP but ion propulsion algo provide contributions vital to LHPPP. Thenfeeratures
present in the exhaust products will be high endoglse routine ion propulsion techniques.

V1. Development and Application Missions
Initial LHPPP systems will consist of ground andytit demonstrations followed by an initial operatib
system. Table 2 below contains mass estimatesafdr ef these demonstrations and systems. Basedooof 8.0
kg/kWe, the power supply of the initial operatiosgbktem in Table 2 would provide 12 kWe. Assumingedet
density p) of 1.0 g/cri, a pellet radiusrj of 0.3 mm, a pellet injection rateN() of 1000 per second, and an energy
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transfer efficiency f) of 01, the operational system would havdgnof 470 s and an acceleration of OG. This
clearly is not a competitive value for the powerevlrtheless, it could provide attitude control aotbital
corrections for geosynchronous satellites.

Equation (4) can be used to examine the tradéaiffleen specific impulse and thrust-to-power supgight
for the case of amr of 3.0 kg/kWe and an energy transfer efficiengy,(energy from the power supply to the pellet

exhaust velocity) of 01. For the case in Figurée marameterz,;/(agg), is 0.69, and represents the performance

for the operational mission in Table 1. Clearlyheitthe efficiency for the energy transferred te prellet exhaust
must be increased and/or the power supply mass Imeudecreased relative to the energy output. Nugleaer is
clearly a feasible solution.

2,000
1,800 \
1,600 \
1,400 \
1,200 \

1,000 \\
800

500 \
NN
T~

200 [ —

Specificlmpulse -sec

0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007
Thrust / Power Supply Weight

Figure 2. Pellet Thrust-to-weight and specific insgufor the operational mission in Table/i£0.1,a =3).

The promise is in larger units powered by nucleactors. For example, a 1-year piloted Mars missemomes
a reality for a specific impulse of 20,000 secoadd a thrust-to-weight ratio of about G?05The mission might be
accomplished using pellets enhanced by fusiondfissactions without the need to achieve breakewdnrespect
to the laser input energy. The evolution to nucfaadse fusion propulsion with self-sustained fusieactions,
though not required for our laser propulsion concepl allow the performance to reach more tha,200
seconds and accelerations of 0.07 times Earthistgta A performance of 200,000 seconds and 0.07 timeesity
allows one-way missions to the inner planets amelaisls to be completed in less than two weekstaride outer
planets and to Pluto in less than six mofiths
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Table2: Laser Propulsion Demonstration and Operational System Mass (kg)
Note that indents are summed above

Ground Demo Flight Initigl
System Dermo Operational

Subsystem System
Bus/Structure 43 34 54
Nozzle System 18 18 29
Nozzle Coolant 23 5 23
Nozzle Coolant Tank & Feed System 36 15 18
Thrust Structure 7 5 5
Propellant (Pellets) Tank 5 2 5
Propellant Feed System 7 2 9
Lasers 27 5 11
Power Supply 50 18 36
Power Management System 11 9 5
Instrumentation 36 9 11
Instrumentation Data System 43 9 9
Communication System 18 27 39
Transmitter/Receiver 18 11 11
Antennas 0 16 27
Flight Control System 0 13 28
Attitude Sensing 0 3 3
Attitude Management 0 5 7
Attitude Propellant (Cold gas) 0 5 0
Attitude Management (Propellant) 0 0 18
Ground Interfaces 16 5 5
Launcher Interfaces — Physical 0 5 5
Launcher Interfaces - Electrical/Electronic 0 2 2
Thermal Management System 18 14 20
Thermal Blankets 0 7 9
Active Coolant 0 5 7
Insulation 18 2 5

Total Weight: 358 197 317

VII. Conclusion

Laser-heated pellet pulse propulsion has the paténtcompete with near-term deep space propulsystems,
but its ultimate potential is pulsed fusion projputs This makes LHPPP very attractive for developirteday.
Systems for attitude control and orbital correctioin geosynchronous satellites would provide theeence
necessary to begin the development. If the sollbktseinitially used became hollow, they could lieedl with a
mixture of deuterium and tritium which not only lbeges an effective propellant, but also providesitemil
energy. The number of additional fusion reactiongéases significantly with laser power, and aléh fvequency
(i.e., larger photon momenta).. X-rays would bealdand could be generated using advanced fre&ratelasers.
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Momentum transfer to the pellet can be improvedising electron beams or ion beams. A magnetic piachbe
applied for additional compression. There are sdvaher improvements that can be made. Cryogericfliel can
be replaced with lithium-6 and deuterium if sigcéfit compression can be achieved. Igniting theepelh the
inside could provide significant magnetic fields a@ in plasma confinement. Adding a uranium sheduld
increase the inertial confinement and add neutrbastly, antiproton pulses can be used for micssifin. The
fission fragments could be used to heat the fuieh they would be confined by the self-generatejnetic fields
at the annihilation sites. Only some of these impmoents are required to develop viable fusion pplegulsion,
but it starts with a competitive laser-heated peilédse propulsion system.
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