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Abstract

The rapid world-wide progressmade recently in the use of ultrafast lasersto
accelerate dharged particlesto relativistic energies brings into focus the potential
utili zation d such systemsin space propusion. Laserswith modest energies but with
extremely short pulse lengths have been employed at the University of Michigan and
several other laboratoriesin producing proton beams at mean energies of tens of
megavolts. For example, the ten terrawatt laser at the University of Michigan, when
focused onaspat of 5 um in an auminum foil, has produced a proton beam containing
more than 10" particles at amean energy of more than 1 MeV, whil e the petawatt laser at
the Lawerence Livermore National Laboratory has produced beams containing about 10
particles at amaximum ion energy of 58 MeV and a mean energy of abou 5 MeV.

These results were sufficiently encouraging to warrant detail ed examination o the
underlying physics of the phenomenainvolved, and to assesspatentia applicaion o
these processesto propusion systems that could open upthe solar system and beyond.

In this phase | research, the physics of the interaction d alaser beam with an
eledron was addressed sincethe relativistic dynamics of such aparticlein the
eledromagnetic fields of the laser plays asignificant role in the eventual accderation o
theions. Theinteradion d the laser radiation with the pre-formed plasma was aso
investigated espedally in connedion with the condtions for self-focusing; a cndtion
deamed to be aiticd for propusion applications. A conceptua design of how an
ultrafast laser driven plasma propusion system might look like, and how it might perform
in this cgpadty, was propcsed and analyzed. It was shown, for example, that the present
day Livermore system can produce several milli on seconds of spedfic impulse dbeit at a
fradion d aNewton of thrust. With that cgpability, it can achieve afly-by robatic
missonto Marsin lessthan six yeas. But it was also shown that if the thrust can be
increased to tens of Newtons at abou the same energy, the Marstrip will be reduced to
just afew weeks. In bah instances, our analysis reveds that a magawatt nuclea power
system would be required to drive the propusion cevice. Moreover, we make nate of the
fad that encouraging research in space nuclea power and ultrafast laser techndogy can
indeed make the development of such a propusion system quite feasible in the NIAC
time frame of 10-40 years. Finaly, some of the aiticd experimental and anaytica
studies that must be caried ou to make thisaredity are introduced as the wre of a
phase |1 research proposal.

1.0 I ntroduction
1.1  Executive Summary

NASA’s chall enges of interplanetary manned missons ssmetime in this century
along with robatic interstellar misgons such as the so-call ed “ preaursor misson” to the
Oort Cloudat 10,000AU in lessthan 50yeas, require propusion systems that cen
produce specific impulses in the 10°-10° seconds range and thrusts in the tens to hundeds
of kilonewtons. Thisautomaticaly eliminates from consideration conventional
propusion systems and even some of the advanced concepts such as nuclear thermal
fisson systems due to the small speafic impulsesthey produce With pue antimatter



annihilation popusionstill very far into the future, fusion readions with the next largest
energy production per unit massoffer perhaps the next most promising approachesto this
challenge. With these systems dill, however, in the exrly stages of investigation for
propusion applicaions, there gopeasto be others which can producevery attradive
propusive caabiliti es that might indeed lend themselves to such applicaionsin amuch
neaer time frame. One such system is“LAPPS, Laser Accelerated Plasma Propusion
System, whichis currently at a aiticd juncture in its development and which is the
subjed of thisphase | study.

Some very exciting reseach at the University of Michigan and afew other
laboratories throughou the world have recently demonstrated that ultrafast lasers (with
very short pulse length) can accderate charged particlesto relativistic energies. The 10
terrawatt laser at Michigan has produced proton beams containing more than 10
particles at mean energies excealing one Megavolt, whil e the petawatt system at the
LawrenceLivermore National Laboratory has produced proton keans containing more
than 10" particles at mean energies of abou 5 MeV. If utili zed as propusion devices,
this gudy reveals that these present-day systems are cgable of producing specific
impulses excealing milli ons of seconds abeit at very small thrusts. Experiments have,
however, demonstrated that high duty-cycle capabiliti es are feasible with such systems
yielding rep rates of kil ohertz or higher, making them readily amenable to thrust
enhancement. Moreover, thisinvestigation has shown that the plasma, formed when the
laser strikes the target, serves to focus the laser beam through the relativistic modificaion
of the dedron mass and by a mechanism known as pordermotive channeling. The
conceptual propusion cevicethat emerges from this gudy consists of alaser which can
be fired athousand times per second at targets that are fed into a chamber at the same rate
produwcing aneutral charged particle beam which produces thrust as it emerges from the
vehicle. The analysis further revedsthat anuclea power system would be required to
drive such a propusion system, and that its masscan be made of acceptable size through
encouraging research in materials sience and reactor design and development. The
unique fedures of this concept with regard to space applicaionin the NIAC time frame
of interest can be summed upas foll ows:

» Availability of ample data based oncurrent research to warrant serious
consideration for propusion uili zation

» Reative simplicity, andthe asenceof techndogicd complexiti es that
characterize other advanced propusion concepts

* Very encouraging research in the development of high intensity lasers that could
lead to the accderating of protons to rest massenergies

* The caability to produce spedfic impulses that far exceed those projected to be
produced by competing processes uch asfusion a antiproton-caayzed fusion
concepts

» Currently demonstrated high duty cycle caability as reflected in kil ohertz rep
rate operation d ultrafast lasers

* Absenceof any discernible |aser-plasma phenomenathat can detrad from its
abili ty to function as a propusion system

» Continued and rapid progressin techndogiesthat are aitical to its development
for the gplicationit is suggested for.



Whil e present-day systems are perfedly capable of producing specific impulses
that can mee or exceel the nedals of interplanetary or even some interstell ar robaic
missons the fad remains that they produce much too small of athrust to make them
suitable for manned missons. With thrust being the product of the rep rate, the mass
number, and velocity of the geded particles, it is clear that some mechanisms must be
foundto enhance ay or all of these parametersin laser accderated plasmas. Addressng
these isaues and \ali dating them experimentally lies at the heart of the phase |1 proposal.
Spedficdly, we plan to consider:

* Increasing the rep rate onthe target side to match the kil ohertz rep rate onthe
laser side which has already been accomplished. Thiscan be adieved by using
“jets” in placeof solid targets

* Increasing the particle density in the geded proton keam. Thiscan be
acomplished by increasing the areaof the focd spot since, for afixed thickness
of the target, the number increases with the aea.

» Increasing the particle velocity by increasing the energy of the geded particles.
Thisrequires increasing the laser power so as to increase the intensity sincethe
particle energy scales directly with intensity for a fixed wavelength.

* Addressng under these drcumstances the | aser-plasma phenomena such as
focusing effeds that may impad the dficiencies of energy transfer from laser to
protons

* Addressng, in cooperation with NASA Marshall and NASA Glen, nwlea reactor
and thermal power conversion designs based onlatest developmentsin thisfield
that would allow a LAPPSpropusion system to become aredlity in the next
severa decales.

12  Background and Rational

In recent years, NASA has st anumber of chall enging and ambitious misgon
goals for space explorationin this century. These include manned missonsto Marsin
several monthsinstead of several yeas, and some robatic missonsto 10,000AU in less
than 50years. Aspointed ou ealier, most of these interplanetary and interstell ar
missons require propusion systems that can deliver spedfic impulsesin the range of
10°-10° secnds and tens to hundeds of kil onewtons of thrust. To appredate the
importance of these two parameters, we focus onthe example of asimple trajedory
consisting of a antinuows burn accderation/decderation at a constant thrust for such
missons. It can readily be shown from the standard nonrelativistic rocket equation that
the roundtrip time, Trr, between two pants sparated by the linea distanceD can be

written as?
D
Trr = 4D +4\/ M ) (D
alg, F

where g isthe eath’s gravitational accderation, |, the spedfic impulse, m; the dry mass
of the vehicle, and F the thrust. The inverse dependenceof travel timeonlg, and F




reveds dramaticaly the desirabili ty of having both of these parameters aslarge &
possble andfeasible. Equation (1) also revedsthat for an ogimum travel time, the two
terms on the right-hand side shoud be cmparableto ore ancther. For interplanetary
missons, for example, it can be shown that very large I, at very small F does not result
in rapid transit time, while for robaic interstell er missons with very large D and modest
my, the travel time can be shortened significantly if Iy, is particularly large. Asnoted
ealier, present-day ultrafast laser accelerated plasma propusion systems emboded in
LAPPSare cgable of producing very large Is,’s albeit at avery modest F, hencethey
may be particularly suitable for the robdic interstell ar missons whil e inadequate for
manned misgons within the solar system. To accommodate the latter missons, research
must be amed at means by which large thrusts can be generated by LAPPS andthis
research has identified thase medhanisms by which this can be acomplished.

2.0  Advanced Concept Description
21 Major Attributes of LAPPS

Unlike other systems considered for potential propusion appli cations, such as
inertial confinement fusion where large energy (onthe order of magajoules) lasers are
required, LAPPSrequires lasers with modest energies because of the extremely short
pulse lengths that have been achieved. For LAPPS it isthe large laser power and
intensity that are needed to accderate protonsto very high energies. The developments
in these two areas have been remarkable and rapid. Infad, petawatt lasers have now
been achieved, and laser powers that would aacel erate protons to rest massenergies are
within read. Aswill be seen later, it isthe laser intensitgl that figures prominently in the
accel eration mechanism®, and intensities exceading 1G° W/cm? have dready been
utili zed® in producing protons with maximum energies of about 60 MeV. Experiments
at various laboratories sem to also verify numerical simulations that predict that
intensiti es of abou 10°* W/cm? which will produce protons at energies of abou 100MeV
are indeed achievable. Hence, the groundwork for the utili zation & LAPPSas a
propusion system has already been establi shed and what remainsis effedively finding
ways with which these caabiliti es can be aultivated to produce more particles at the
desirable energies. These unique dtributes of LAPPSare nat likely to be matched by
other concepts currently envisaged as propusion systems of the near future.

2.2  PhysicsBasics of LAPPS

Although noself-consistent theory of high-energy eledronandion generationin
laser-solid target interadions currently exists, we can present a plausible explanation
based onsound physics principles that would all ow us to predict with some degreeof
reli abili ty the performance of a LAPP Spropusion system. We begin by nating that
when a high-intensity laser terminates at the target surface, it produces a plasmawith a
size of about half alaser wavelength® due to the longitudinal eledron cscill ations
resulting from the oscill ating Lorentz force. Near the target-vacuum surface, the
eledrons are pushed in and ou by the oscill ating comporent of the “pondermotive”
force Insidethe target thisforce sharply vanishes. Twicein alaser period €l ectrons re-



enter the target. Returning electrons are accderated by the “vacuum” electric field and
then depasit their energy inside the target. The dedrons of this plasma becme strongly
heaed by the laser light, penetrate deeper inside the solid target with relativistic
velocities, and form alow-density, high-energy comporent of the entire dedron
popuation. These high-energy electrons creae an electrostatic field, which accderates
ionsin the forward dredion, andin turn they themselves are decelerated by the same
field. Aneledrostatic field near the target surfacehas a bipaar structure with the more
pronourced comporent accderating ionsin aforward direction. If the laser pulse
durationislonger that the ion accderationtime in the layer, theions acquire an energy
equal to the dedrostatic energy. Sincethis eledrostatic field accderates the ions while
decderating the dectrons, an equili brium is eventually reached whereby both of these
spedes drift at the samerate and give rise to aneutral charged particle beam that emerges
in aperpendicular direction to the badc surfacein nearly a ollimated form. Such abeam
isthe one that provides the thrust to the vehicle.

With this qualit ative descriptionin mind, we proceel now to deduce the
mathematica expressons that all ow us to assgn quantitative values to the parameters of
interest. Sincethe laser-electroninteradion lies at the heart of the acceleration process
we begin by examining the dynamics of this particlein the fields of the high-intensity
laser. The starting paint is the relativistic Lorentz equation given by® (in mks s/stem):

P R
a(p)=a(VmOV)=Q(E+v><B), @)

where y = (1— vz/cz)'}/2 isthe familiar relativistic parameter, m, the rest mass of the

electron, q the electron charge, Vits velocity, and EandB the dedric and magnetic field

of the incident radiation respedively. For alinealy polarized eledromagnetic wave
propagating in the z-diredion, and the ais of laser pdarization along the x-diredion, the
fields can be expressed by

E = %E, sin(k,z - w,t) (3)
B =9JE, sin(k,z - w,t), 4

where X, y are unit vectorsin these diredions, k, the wave number, and w, the frequency
of thewave. Uponsubstitution d (3) and (4) into (2), and expressng the fieldsin terms
of the vedtor potential A, asolution can be obtained® that reveds that the dectron will

exeaute afigure-of-eight trgjedory as siown in Fig. 1,and an average drift motion along
the diredion d laser propagation. Physically, the drift motionis aresult of the laser
longitudinal pondermotive force, Fp, which can be written as'”)
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where, werecdl, that m, is the rest massof the dectron, ¢ the speal o light, F; and E; the
elli ptic integrals of the first and second knd respedively, and the agument K is given by

a

K = af . (6)
148

The quantity &, is known as the normalized vedor potential of the laser field andis
defined by

_ OA
a,=——

=8.5x107172 (W/cm? )\ (um), 7
m,C

where | isthe intensity of the laser beam whaose wavelength is designated by A. 1t may be
noted that in the low intensity limit of a2 <<1 the pondermotive force reduces to
2

- m_C
F ——°TDa§, (8)

reveding that it is roughly propartional to the gradient of the intensity. The dectron
motion depicted in Fig. 1 has been confirmed experimentally® at the University of
Michigan and featured onthe cver of Nature magazine & the first major effort in the
study of relativistic nonlinea optics espedally as it applies to the non-linear “ Thomson
Scatering’ phenomenon. The figure dso confirms the dedron*“quiver” motion that
takes placewhen the laser beam interacts with the pre-formed plasma as al uded to
edalier.
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Figure 1. Trgjedory of an eledronin alinearly poarized laser field
asafunction d laser intensity



The next issue of importanceis whether the incident laser beam remains focused
as it propagates through the pre-formed plasmato further accelerate that segment of the
eledron popuiation that penetrates the target to crede the dectrostatic potential. Itis
criticd, therefore, that the laser bean remains focused to achieve maximum efficiency of
energy transfer. One of the dfeds of a “relativistic” laser intensity is that it changes the
frequency of the plasmait interads with and correspondngly modifiesitsindex of
refradion. Therefradiveindex isgiven by

w5 Ev) | ©
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where, onceagain, wy, isthe laser frequency, and

W,
isthe relativistic plasma frequency in which

4 2
Wy, =, T:;ee :5.64><104ne%(cm‘3)rad/ sec (12)

isthe nonrelativistic plasmafrequency which is determined by the dedron density, ne,
only. Itisconvenient, for the purposes of this discusson,to relate y to the laser intensity,
I, which can be shown to take the form

a.2
=, 1+—=, 12
y=y > (12

with a, having been introduced in Eq. (7). We note readily that the index of refradion o
aplasmadepends onthelocd laser intensity. Asaresult, alaser beam with spatialy and
temporally dependent laser intensity distribution I(r,t) experiences atially and
temporally varying index of refradion n(r,t), leading to change in its charaderistics and
propagation. For afocused laser beam with higher intensity on axis and lower intensity
off axisin aplasma, the index of refradion d the plasmais higher on axis and lower off
axis. This processis referred to as relativistic self-focusing®.

When alaser pulseisfocused and popagates inside aplasma, because of the
transverse laser intensity gradient, the transverse pondermotive force will push eledrons
outward urtil it i s balanced by the dectron-ion Coulomb force. Thisresultsin a
depresson d eledron censity onaxis. Sincetheindex of refradion d aplasmais higher
for lower eledron density (seeEq. (9)), such an eledron censity distribution adslike a
pasitive lens, and leals to self-focusing of the laser pulse. Thisisreferred to as
poncdermotive self-channeling. We anclude from the @owve discusson that when alaser
pulse propagates in a plasmait can urdergo self-guiding when the eff ects of relativistic
self-focusing and pondermotive self-channeling overcome the natural diffradion d the




laser beam. This occurs when the laser power, P, is higher than a criticd power, P,

given by®®
2
P Dl?E" A : %W. (13)

Usualy, in aself-guided channel, the radius of the laser oscill ates about some fixed value
asthe laser propagates. However, the exad behavior depends onthe @ndtion d the
experiment, such as the wave front, the laser pulse shape, the laser intensity, etc!*? . In
addition, the threshald for self-guiding can increase for various reasons. For instance, the
need to overcome alditional defocusing forces, such as that due to ionization dsfocusing,
resultsin ahigher threshold. Furthermore, plasma heding can suppress ®if-guiding of a
laser pulse due to alossof energy caused by side scatering and reductionin the dfedive
quiver velocity resulting from intense plasma heaing™?.

Thethird phase of this analysis consists of deducing mathematical expressons
that relate the parameters that characterize the laser on the one hand, to those that
characterize the target and the geded particles onthe other. Weredl that the
mechanism for generating high energy protons consists of shining a high intensity laser
on atarget whose thicknessis on the order of the wavelength o the laser, and whose
focd spat isonthe order of several wavelengths. When such alaser with intensity |, and
wave length A, strikes atarget with afoca spot of radius R and thicknessl, aplasmais
formed at that instant whaose dedronswill “quiver” in the fields of the laser. Some of
these dedrons will be acelerated and pushed by the laser deep in the target giving rise to
an eledrostatic potential which causes the ions (protons) to be geded primarily from the
badk end d thetarget. The dectronsthat are accderated by the laser must overcome the
Coulomb energy in order to penetrate the target to set up the potential. This Coulomb
energy can be cdculated from the standard expresson®:

_¢ (PP o o
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where p isthe dharge density and [F - | = Risthe separation between the charges taken

here to be the same as the radius of the foca spot. Sincethe plasmaregion d interest is
quite small, it is reasonable to assume that the charge distribution would be spatially
uniform so that we can write

p =en,, and (15
pd’r=enV =eN,, (16)

where edenctes the dedronic dcharge, n. the dectron censity, V the volume, and Ne the
total number of electronsin the plasma. In view of these assumptions, Eq. (14) reduces
to



(17)

Clearly, the electron energy, Ee, must exceed the Coulomb energy in order to penetrate
the target, hence

2
N.E, = (eN.) (18)
R
so that
e’N
E. > <. 19
2o (19)

If the efficiency of converting the incident laser energy into charged particle energy is
designated by n), then asimple energy balance yields

nE.c=nl, (20)

where c isthe speed of light. Noting that the total number of electronsin the plasma, N,
can be expressed by

N, =1R*In, (21)

with | being the thickness of the target. Substituting thisin Eq. (19) and combining with

Eg. (20) we obtain
T[62
E.=2.,—IRn. (22)
c

This energy is equal to the potentia energy ed®, where ® isthe electrostatic potential set
up by the penetrating electrons that causes the gjection of ions with charge number Z.
With E; denoting the ion energy, we can readily write

E, =Zed =ZE,, (23)

which upon utilization of Eq. (22) becomes

E > Ze,/’—CTmR)\ , (24)



where we have replacel the target thickness“1” by the laser wavelength, A, sincethey are
typicdly of the same order of magnitude. Although na addressed in thisanalysis, it

shoud be kept in mind that for consistency the intensity | in Eq. (24) shoud bein urits of
W/cm?, and the spatial dimensions, R and A, in microns o that the @ove equation can be

replaced by
E >Z/"imRA eV (25
C

to yield theion energy directly in eledron vdts. Asatest of the accuracy of the @bove
results, we gply it to some recent experimental results™® in which a kil ojoule laser with
petawatt power was focused onatarget with afocal radius R =10 um, andA =1 um,
giving rise to an intensity of | = 6 x 10°° W/cm?. The data suggest that 50% of the laser
energy appeared in the particle beam yielding an efficiency n = 0.50,and with these
values Eq. (25) predicts a particle energy of abou 5.5MeV. In Ref. 16,an expresson for
the cycle-averaged eledron energy was presented as

0 2v, O
E.=m,c’d+—20 , (26)
O M. O

where V, =9.33x10™1(W/cm? 2 (um) isthe nonrelativistic pondermotive potential.

If we substitute in this expresson the @bove-noted parameters we find that E is also
abou 5.5MeV which by our analysisis also equal to theion (proton) energy.

Equation (25) seems also to predict reasonably accurately the energy of the
protons produced in the University of Michigan experimentsi*”? utilizing a 10 TW laser
that delivered abou 4 J of energy in 400fs pulse & awavelength of abou 1 pum to athin
aluminum foil. The thicknessof the target | was taken to be &ou one A, i.e,, 1umand
the radius of thefocd spot (R >>1) with avalueof R=5 um. A laser intensity
| = 3x 10" W/cm?, andn = 10% were employed, and with that an ion energy of about
1 MeV was predicted by Eq. (25) and confirmed by the experiment. An estimate of the
proton energy based onthe pondermotive patential as represented by Eq. (26) appeasto
yield avalue which is an order of magnitude lower than olserved in the experiment. This
discrepency is often attributed to the fad that Eq. (26) is more gplicabletoion
acceleration in gas targets than in solid targets®® 19

3.0 LAPPSasaPropulsion Device

The &owve analysis, alongwith an abundance of experimental data suggest that a
nea-term propusion system based onthe LAPPSconcept is quite feasible. We envisage
such asystem to consist primarily of an utra-fast laser driven by some kind o a power
supdy where in the laser isfired at akilohertz rate & atarget that isfed into a chamber at
the samerate asill ustrated in Fig. 2. The dharged particlesthat are gected from the
target at sufficiently high energy andin sufficiently large numbers will provide the thrust
to the vehicle. To assessthe propusive caabiliti es of such a system, we turn to some



recent experiments conducted at the Lawerence Livermore National Laboratory® ® and
assume that the data produced do indeed typify a present-day propulsion device. Inthese
experiments, akilojoule laser with a 500 femtoseconds pulse length was fired at afocal
spot of 9 um radiusin agold foil of 125 um thickness. An intense collimated beam of
high-energy protons was emitted normal to the rear surface of the target when a peak
intensity of 3 x 10%° W/cm? was reached. The energy spectrum of the emitted protons
displayed a high energy cutoff as high as 58 MeV on the axis of the beam. Inferred from
the resultsis the fact that half of the laser energy appeared in the emitted protons thus
yieldingn = 0.5, and laser power on target of a petawatt. Assuming the typical one
micron wave length for these lasers, and substituting the various parametersin Eq. (25),
we find that the mean energy of the emitted protonsis about 5.3 MeV. Thisyieldsa
particle velocity of about 3.2 x 10" m/sec which translates to about 3.2 x 10° sec for a
specificimpulse. With half of the laser energy appearing in the emitted proton beam,
simple energy balance indicates that the number of protons in the beam is about 6 x 10™.
We noted earlier that kilohertz rep rates have been achieved on the laser sidein
experiments in France, and if we assume that the same rep rate can be accomplished on
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Figure 2. Laser-Accelerated Plasma Propulsion System (LAPPS).

the target side (to be addressed in phase I research) then 500 kW of jet power can be
expected from this propulsion device. Moreover, it is quite clear that aMW power
source will be needed to drive the laser, and that simply implies that a nuclear power
system would be required asillustrated in Fig. 2. Current design of such systems
suggest®® aratio of 5 mT/MW for the specific mass, and if we assume that the mass of
the power system is effectively the mass of the vehicle, then the dry mass of the about
LAPPS would be 5 x 10° kg. Research in the area of power conversion, radiator material
and design, etc., also suggest that the specific mass may also by improved significantly in
the near future. A summary of the characteristics of a present-day LAPPSisgivenin
table 1.

If we apply these results to three fly-by missions'®?: Pluto, Jupiter, and Mars, we
find that these journeys will take 56 years, 19 years, and 6 years respectively. These
journeys may be viewed as long and that is a consequence of the very small thrust
projected to be produced by present-day LAPPS. Aswe noted earlier, improvement in



this propulsion characteristic is critical if interplanetary travel isto be achieved in
relatively short times. For example, around trip to Mars, using the scenario prescribed
by Eq. (1), can be accomplished in 6 monthsif the thrust of LAPPS can be improved to
25 N only. This can be done by g ecting more protons at the same energy, and that can
be done by focusing the laser on afocal spot with aradius which is about 28 times larger
than the first one. In order to maintain the same energy for the protons, the intensity (and
the wave length) must be kept the same, hence the power of the laser must be increased
accordingly. Inthisexample, alaser power of about 600 petawatts would be needed and
the rapid progress that is being made in thisfield will make this also achievable in the
near future. In fact, for the same laser energy, areduction in the pulse length from 500 fs
to about one fs would amost achieve this goal .

Tablel
Present Day L APPS Parameters

1. Proton Beam

i) Particle Population = 6x10"

ii) Mean Energy = 53 MeV

iii) Beam Energy = 500J

iv) Associated Electric Field = 17 GeV/cm
2. Laser Beam

i) Wavelength = 1um

ii) Pulse Length = 500fs

iii) Intensity = 3x10°w/cm?

iv) Energy = 1kJ

v) Power = 1 Petawatt
3. Target

i) Materia = Gold Fail

ii) Thickness = 125um

iii) Focal Spot Radius = 9um
4. LAPPS Propulsion System

i) RepRate = 1kHz

ii) Specific Impulse = 32x10°%s

iii) Thrust = 31x10°N

iv) Nuclear System = 1MW,

v) Vehicle Dry Mass = 5x10°kg

40 Conclusion

We have demonstrated in this study that a propulsion system can indeed evolve
from aworld-wide research activity which shows that ultrafast |asers can accelerate
charged particlesto relativistic energies. By examining the underlying physics of the
accel eration mechanism, we have deduced the mathematical expressions that allow usto



assess the propulsive capabilities of such systemsin terms of the important parameters of
thrust and specific impulse. We find that systems based on present-day experimental data
are capable of producing specific impulses of millions of seconds albeit at a very modest
thrust. Although a propulsion system with these capabilities may be suitable for
interstellar fly-by missions, it is not suited for manned interplanetary missions due to the
smallness of the thrust it generates. We have proposed schemes by which the thrust can
be enhanced, and identified the technological issues that have to be addressed in order to
make this concept a viable propulsion system in the near future.
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