i S ss—

- OCTOBER 1979 PPPL-1583
\5},"\5\\_ £C~20a
Wi

INTERSTELLAR PROPULSION USINHG
A PELLET STREAM FCR MOMENTUM
TRAHSFER
ny

C. E. SINGER

PLASMA PHYSICS
LABORATORY

PRINCETON UNIVERSITY

PRINCETON, NEW JERSEY

This work ;s oupport.dr byi thcitlr S Dcpu.'c—lti of Enar

. S. (24
Contract ¥e. EY-76-C-02-3073. Reproduction, translationm,
publication, use and disposal, in whole or in part, by or
for the United States Covernment is permitted.

»




INTERSTELLAR PROPULSION USING 4 PELLET STREAM
FOR MOMENTUM TRANSFER

C. E. Singer

cetrn University, Plasma Physics Laborater-y
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ABSTRACT

A pellet-strean Concept for interstellar prrpulsiecn is described.

y

1 peiliz2ts are accelerated in the snlar system and accurately

Jzd te an interstellar probe where they are intercepted and
transfer @r-mentum. This preopulsien svstem appears te ~ffer
~riers-ri-magnitude impreovements in terms «f engineering
sinplicity and prwer requirements ~ver any ~ther knewn feasikbie
system frr transpert nver interstellar distance in a time

Ccrmparable te a human lifespan.

tr be submitted (without pastcrint) te J. Brit. TInterplaneta -
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Intersterlar  transpert  using  on-brard  rocket
fnrmidable technelegical

Progulnic e
advance ., even for flights taking up to 100 Yyears
zaall compared te the speed of

with vl
lishe, ~a~trard prepulsien systems such as
ant e attar arrthilatien 1], gravitaticnal

bl hales, and collecting

{rr a ramiet (2], present

Interate,

anvd twchnelcgical problams to

fundamne
whrrch the re 3* precent nn frrseeable solutions
[3.41. .+, wercfore recently beea concluded

procticatle en-beard  svstem  for

that e -

n is pulsed nuclear fusien.

1nters s Ll

wuld zse gnall pellets ~f

Ao
A opan

wuid be injected into

wrter o ef @ large maguetically  insulated
ar o fmited with relativistic electren
hoomrrgtansive stuady of prepalsien using

“n recket, the Toaedalus preject
that a

cenclusion

ny weuld be reguired for a

{5 el e the

greve missien to cover the 6

star with a flight time ~f

tuat design study consider el

-3 autrmated maintenance of the

srurees, interactiens with

navigatien, and data

This was the first

4t an engineering analysis of

ané represents & milestene in the
study of unterctellar prepulsicn,  Of the problems

norantered, the wse ~f large amounts ~f the rare

satee i3 csze ced maser difficulties in the

design o ct, it *he nest serious uncertainty

~f the design is undeubtedly

the reg r~r construction and autemated
remote we of a power source with
extremely rwer  density. Much of the

analysis ~f{ such cracial iosues as neutron damage,

reacticn chaster teating and stresses, and pellet

burn p2rie~rnance, «a3 necessarily limited to order
of magnitude estirates »f system perfermance, and
a mere detatled aralysis may well reveal problems
wnich seriously limit the performance of a pulscd
funien recket. In particular, it is not even yet

clear that the plasina physics (such as limitations
due to plasma instabllities) will even allow net
energy gain in the relativistic electron beam
appreach to pulsed fusion.

1.2 Laser Prrpulsinn

The limitatirns of on-bnard prepulsic  have led to
the prepesal of using mementum  ard/er  energy
6,7} In

transfer from a locally based laser

rex, a

the simplest version of this propulsicrn, sy

L

strean of phrtons is launched frem a laage laser

situated in the sclar system. The phote rravel

y
acress interstellar space, €.g. to a mirrerion the

interstellar prebe, Each arriving photen exurts a

push r2 the mirrer, therchy accelerat:ng, the

prebe. The wltimate pewer scurce Which drived

interstellar prebe is  lecated near  cte ]

‘ploten launcher! in the selar system. This  as
the tremendeus  advantage  that  the ‘o ff-tra-ii’
power snurce dees net have to be accelerated with

the prebe. Therefare, althoujh the prver sourch

required may be large, it can have reascnat
specific power (power per unit mass).  We can
therefore be confident that such 3 power srurce
without

can be designed ipprasibly  exotic

technolegies. However, amors other pro

lams, tae

inherent dispersien of a laser beam limits

cceleratinrn of the intersteliur prote to a resicn

very close tr the source fe.g. to 1075 12
light-year even for a gamma-ray laser, where T s
the dimensicn of the rptical surfaces in meters .
The probe must therefere be accelerated ver
rapidly. The resulting high ecptical gualicy ord
the prwer and cificiencies required in the lasér,
combined with the limitations imposed by the
probe's waste heat rejecticn system, again pr.sent
foroaeable

technolegical preblems with  no

solutien.

1.3 Pellet-stream Propuslsion

The fundamental physical limita?ion presented by
the optical dispersion of a laser source can be
overcome by using a pellet scream rather that a
photon stream for the momentim transfer. In the

microscopic limit, this solution would invelve
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launching the prebe itself, €.9. frem a linear

mass driver. Howover, the encrmous specific
energy «f the probe (4.5 x 1036 v2/c2 joule/kg for
a prebe with welccity relative to the velocity of
light of v/¢) weuld reguire breaking it dewn into
of subassemblies, each of which

be capable of withstanding the

a large nuamber
would have to
103-107 gravities acceleratien used during launch,
and w-uld then rendeveus for automatic reassembly.
This may prove impractical.

The optimum soluticn appear$ te be to launch a
strean vf smali mass pellets which are intercepted
by the pruobe and trapsfer mementum to jt.  The
peliets wuid be launched, for example by a very

leng linear electremagnetic mass driver, which
would be Jecated in the solar system and supplied
The pellet stream

{collimated)

with nucloar or :olar power,
would  be  wery
imnediately after launch and perbaps recollimated

carefully aimed

occasicnally during flight. The pellets would be
Interceptzi by an interstellar probe, for example
by convertirg then te plasma and reflecting the
plaswa by letting it rebcund off of the the field
of majy.e - carriec on the probe (i.e. in a manner

somewhat analoous to the oxpulsien of plasma frem

a megnetica insulated reaction chamber in a

pulsed  fusien prepalsion system). The cencral
concept  which makes this apparently outragecus

idea seem uite fiasible is the follewing,

The abs lute pointing accuracy of the mass
launcher is not a serious limitation. The
prebe

aljusts 1ts pesitien to stay in the Stream;

detects  the incoming pellets and

wocest  cuyrse cnrrections after the main

acceleraticn phase then put the probe on
. Only the

dispersion botween one pellet and the next

targ. relative  velocity
makes o significant denard on the performance
of the This

velecity dispersion can be measured extremely

propulsion  system, relative

accurately by letting the pellet stream drift

over very long baselines, and can be

corrected by imparting small  momentum

increments to the pellets,

In this paper an cutline of the pellet-stream

propu.lsion concept  is presented including (i)

probe kinematics (ii) mass driver requirements

(iii) correction of initial velecity dispersion in
the pellet strean (iv} lnteractisn of the peliet
stream with the interstellar mediun (v) mxmentum
power of  the

Geperal termulas are derived,

transfer and specific prube
propulsicn system.
and a high performance, Daedalus-type mission {4]
ad  a technologically demanding, _‘v{vw

performance missicn are analyzed as

less
illustrative
examples. Finally, the impact ~f the
pellet-stream prepulsion concept on Intessrellar
Studies and the long range goals of the existing

space program is assessed.

2. PRCSE KINEMATICS®

In this Section we describe the mission prefi.es
which can be achieved by pallet-stream propulsinn.
We use the meomentum balance o©f the probe te
determine the specific power arrivirg at the pretwe
and also  the

power  requirements  fer  the

pellet-stream launicher.

2.1 Censervation Fau

The momeptum balance of the prebe is
MeAVp/At = oy lfgvp/vs)Vr (1)

where My = total mass of probe, Vp = velecity of
probe, vg = velocity of pellets in stream, Mgy /vg
= (doppler shifted) rate of pellet mass arriving

at the probe, u is  the momentun transfer
efficiency {1 = 1 for elastic rebound; v = 1/2
for 'stop and drop’), and

Ve = Vs - v 2)

is the relative velocity of the pellet stream with

*The equations ip Section 2 are in mks units. 1In
other Sections the units are either mks er
specified in the text. The units listed in Table
! are chosen for convenience and do rot indicate
chat the symbols listed have these units in the
text.
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respect to the probe. The (doppler shifted) power
irtercepted by the probe is

Py = {i/2) (Myvp/vs) vl o 3

and the power with which the intercepted stream

particles were launched is
Py = MigvgZ/2 . (4

An importint parameter for any high power
prepulsion system is the specific power Sp
processed by the prepulsion unit or beard tte
probe. In particular, the total mass oy of the
probe is the sun of the payload mass m, and the
mass Pp/sp of the prepulsion unit; in termms of Sp

we have

Wy = m, + Pp/Sp . (5)

Egs.(1)-{(5) determine the‘kinematics (position as
a function of time) of the probe in terms of the
relevant engineering~limited parameters which are
Sp, the pellet-stream launch velocity vg, and the
lawncher power Po,  The present calculation is
nonrelativistic (i.e. assumes all velocities are
small cempared to the velecity of light), which is

adequate fcr the missions of interest here.

2.2 Acceleration For Duration of Flight

As an example of the probe kinematics, we consider
the case where the following three parameters are
constant in time: Pp {power into propulsion unit},
Sp (propulsion unit specific power), and vg
(pellet-stream velocity viewed from earth). We
calculate the maximum pellet-stream launcher power
Py needed during the course of a given mission.
Ssuch mission pr-files have the advantage that the
probe and pellet-stream launcher are constant
during the mission and therefore are the most
conceptually {ard perhaps also technically)
straightforward. A disadvantage is that some of
the capital investment invelved in producing high
launcher power P. is not utilized for probe

acceleration during the early part of the mission.
{The extra power available, however, may be useful
for other purposes such as launching pellet-stream
collimators, c.f. Section 4.) In the present case,
Egs.(2) and (3) can easily be used to eliminate v,
and thg from Eq.(l). Eq.(1) can then be integrated
once to give '

vp = vg (1 - (1-vp)1/2) {6
where
Vo= 8P tmvug?) )

and integrated again to give the distance tc the

probe

1= vo(t-12(1-(1=~t)3/33/(3)) . (8)

For given total mission time t,, total distance
1, = 1(ts) and specific power Spr there is an
optimum pellet launch velocity which minimizes the
power Ppeak = Pglte) which is required to launch
the pellets which arrive at the probe at time t,.
This is illustrated in Fig. 1 for u = 1 ({elastic
rebound) and for various values of probe specific
power  S,.  The specific power is given in
multiples of

Se = Li7tm3 9)

The power and velocity are given in the natural
dimensionless units of Py = m Sy and vs = lsty~!
on the left-hand and bottom scales of Fig. 1. The
power and velocity are also shown on the inne~
right-hand and upper scales of Fig. 1 for a
specific high performance mission with 1, = 5,91
ly, ty = 50 yr, m, = 450 tonne {and Si = 6.79
MA/kg, Pu = 0.36 TW = 0.36x1012 W, v./c = 0.12),
and on the outer scales for a low performance
mission to Proxima Centauri with 1, = 4,29 1y, tx
= 130 yr, my = 10 tonne (and S« = ,024 MW/kg, Px =
<24 GW, vi/c = .034). Fig. 1 shows that, if a
high specific power can be processed by the probe,
then the required launcher power is low; this is
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*high rertormance’ missicn analyzed

2.3 Including a Crast Phase

The above miszivn profile analysis assumed powered
flight for the duratien of the missien, in crier
to minimize specific power requirements. It mey,
however, be desirable to include a c¢oast phase in
the missfon. At the cost of a slightly mrre
massive propuluion system, this will free the miss
launcher for other missions, reduce the distarce

over wirich the pellet stream must be collimated,

and  reduce  the maximum  required sSource  peter
{which is used very ireificiently rica” the erd of

the missinns  analyzed above). It is a

straightforward matter tc generalize the abuve

analysjs tr this case. We use £g.(8) out te a
distance liccel(taceey? and thereafter 1= lycony
P A taccel ) VEinale Where Veinal = Vpllaccell 5
given by f

(6}, Fig. 2 shows results analegeus

to these of Fig. 1 for acceleration over half «f

5 . OW PERFORMANCE

0. o 0.2 0.3
A . SN S
vs {0 HIGH PERFORMANCE
26
10

Pmax (GW!: LCW PERFORMANCE

Fig. 2.
acceleration occurs over hal't of mission distance

Peak power ys. V. as in Fig. 1 except

tfaccel = 0.5). x indicates

L low perfermance
mission detailed in Table 1.



G-

the total distance travelled (f,.c01 B lycce1/lx =
0.5), and Fig. 3 shows results for f_ ..y =(0.21
ly / 5.91 ly) = 0.036, which is the 'acceleration

fraction' used in the Daedalus mission {4].

2.4 Mission Requirements vs. ficeey

A comparison «f Figs. 1 and I shows the advantage
of accelerating over a moderate fraction of the
mission (with P . and v, Constant). But Fig.

too small a

1324
3 slxws that acceieration over
fracticn of the mission requires very hijh source
power. In fact, an scceleration fraction €

0.5 is probably

accel ~
~itimal foe the type of missicns
analyzed here, as shown in Fig. 4. In Fig., 4 we
vary f .c.1 and pint the optimal pellet velocity

values

v, and thr assnciated minimal
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Fig. 3. Peak pow:r vs. vg for £, = 0.036. x

indicates high perfomance mission detailed in
Table 1.
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W
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Fig. 4. (&) Velues v opt, of pellet stream
velocity which give [%5 lowest peak power
requirement, plotted vs. Eaccel-

2.5 Dther Mission Profiles

It is straightforward to generalize the above
analysis, for example to relax the reguirement Pp
= constant, so that the source power can be left
on for the Full mission and used more efficiently
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near the end of the mission. However, since a
shorter it easier to
collimate the particle stream, we will find it

restrict ourselves to the analysis

acceleration phase makes

adequate  to
whuse results are shown in Figs. 1 to 4.

2.6 Scalim

An important aspect of the above analysis is the
strom dependerce of the technolegical
requirements on the parameters la, ta, and my. In
particular, the techioleqgical preblems become much
less severe fxr a moderate increase in the total
mission time ty, Fer example, the specific power
Sp - ]¢2t*"3 and the source power Pg* moh.zt*"?‘
Also, the length
1,2¢,-2,

scale as the inverse cube of ty,
of the
Finally, the

peliet launcher scales as

Nax inum average acceleration

-2 i
Anax T lats”<4. Since
the mechanical stresses for which the prebe must

the

experienced by the probe is

be designed may be preportional to Anaxs
difficuity «f achieving a given specific power Sp

may scale e ¢ ledte™?, S5 that a modest

increass will make the

design ¢f the propulsicn unlv nuch easier.

The abeove kinematics define the typical values of

Vg and Pg required of the mass launcher system.

3.1 pellet Launc

First consicder Vg, which determines the product of
the length Lg and acceleration ag of the

pellet-stream launcher

3glg = 4600 (vo/c)? (10)

where a5 is assumcd constant and measured in
megagravities (1 mgrav = 9.8x106 m/s?) and Ly is
in megameters,

Among the many possible schemes for launching
pellets, the most straightforward involve lipear

magnhetic accelerators. If such an accelerator is

stationed In space, it can be extended essentially
without 1limit, as was apparently first noted in
1950 by Clarke [8], who also prophetically
speculated that an electromajnetic launcher might
concelvably be put to gome unspecified use for
interstellar flight. A ‘conventional' magnetic
accelerator uses copper driving ceils to propel a
superconducting pellet or bucket, and would be
submicrosecond

hard-pressed to  achieve the

switching times required here. Faster switching
could be achieved by the 'supercenductirg cquench
qun’ {9]. A suitable system can undoustedly ke
designed . using sufficiently large coiis ard
power supplies, but determing the size and cest
will requive a detailed engineering analysis. The
present cost of an electromagnetic mass driver is
an the ~rder of one porscn-year per meter, but
this cust covld be larger for inore sophisticated
terhnelogies or could be markedly reduced by mass
preducticn of the system components. With respect
to the pellet
sheuld be noted that acceleratiens of 0.3 Mgrav

achievable acceleration ag, it

with a -1 g pellet over a 4 m path nave been

obtained with a ‘rajl-qun' electreomagnetiz

kN

scecelerater [10). Much highicr acceloratisns of
to B Mgrav were postulated for the Iinjector to
launch fiel pellets into the Coedalus reactien
chamber {11}, It
pellet-stream launcher, an accelerator with ag =
0.3 - 4 Mgrav weuld have a length Lb"l‘."ls km {and a

extended  for use as a

-

“2tal Tase of possibly several millisn tenpes).
The launcher weuld be bullt in 5 large numbr-
el subsecticns, between  which  the  pellet
velocities would be ceorrected by 'trim' coils.
The station-keeping requirements reguired to
cerrect accelerator misaligrment due to
gravitaticnal perturbations within the solar

System have been ccnsidered and found to require
very modest prepulsien systems on the « :ss driver

segments,

3.2 Source Pewer

The  power requirement for any near~term
interstellar mission is rendered formidable by the
high specific energy of the payload le. g., 0.1
Gi-century/tonne  for Veinal/c = 1/10). Three

possible solutions for the power source include
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nuclear power, bicccaversion af solar power, wrd

physical cenversien of solar power.
The nuclear power option would allow locating

the mass launoter far from the sun, te minimize

sclar system perturbations of the pellet-stream
For ecxample, a lower power version of

using
exhaust

trajectery.

the 103 GW Daedalus engine
conversion of the

efficiency would be

magraetehydr sdymaniz

plasma enargy at medest

adequate for the initial miszions.

The bioccnversien eptisn invelves specially
bred organiszms cewertirg sunlight to DX power,
presurably in an asteroidal or lunar envirenment
near 1 AU from the sun. The main expense beyond
research ard deveismment of the biclegical system
would be preparing the 102 kmz/Gw of substrate

conversion

needed  (ascumin: 1% photeelectric
efficiency) of the system. Altheugh
wrjinecring  problems  would  be

the  blolagical
1ermidable, it is unsafe to assume that they will

net be solved within the next 106-200 years.

A third sciutien :3d be physical cenversion

of solar powzr, pessibly by photcelectric cells or

a heat c.gine placed in nzar-sclar orbit te reduce
the reguired area of the collectors.

the use cf retaticnal energy from

solar saiis rounted on 'windmills' near the sun

pessibility if sufficiently

might alse be 2

strorvg, rw:iqut, Lomparature resistant sail

material ard

ELOCITY DISPE

The preblems inveived in cerrecting the velocity
disparsion of 2 peliet stream have been outlined
py Chilten ies {121,
dispersien is determined by the accuracy with

e The final velocity

which position ent time-of-flight measurements can
be made. A scrics of course correction stations
would be locatad aowhirange from the launcher along

Each station would be, for

the pellet stre
example, three tines farther dewnrange and produce
veleocity " The
courser could be made

electromagnetical .y ¢r electrostatically, and the

adjustment.

one—third as

ad jususents

finest adjustment: might be made remotely by light
pressure frem a high px 2r laser or by interaction

with a plasma gun or neutral atom stream., It

suffices here to consider the limjtatiocns on the
finest velocity adjustment.

The velocity dispersion of the pellet stream in
the directions transverse to the stream flow can
be measured to -10~9 m/s using a flyirg-spct
detecter to measure the pellet position te 1 mm
and using a drift 106 @, The
longitudinai-dispersien is measurable to ~16~7 m/s

baseline of

by calcuiating the time-of-flight alemg this
baseline (>0.01 s) and the length of the basc.ine,
using a8 laser transponder and atemic clocks. This
information is then relayed further downrange t=
remote devices which, for example, apply light
pressure preducing 104 (+ 10%) n/s2 acceleratizn
for 107> s in the transverse direction and f:r
1073 s in the directicen. Mors

accurate centrol of the velocity dispersisn may be

lengitudinal

possible with a lomger baseline, but this is
unlikely to be useful. It may be desirable t:
vepeat this cellimation of the velecity dispersizn
of the
pellet-stream flight path, as discussed in more

detail beliow.

pellet stream at intervals along the

5. IITERSTELLAR MEDIUM

The pellet stream will undergo dispersicn in the

interstellar mediun due to encounters with

interstellar grains and gas and due to

Eluctuations in the gravitational potential,
radiation pressure, and  magnetic fields.
Interstellar grains appear to pose the worst

problem and place a lower limit on the mass of the

pellets in the stream. variations in the
interstellar gas drag and other small forces may
introduwe scme long wavelength medulation on the
flow of the pellet stream, but seem unlikely to
vary significantly from one pellet to the next if
the cverage pellet separation
snall (e.g. < 106 km).

The local

probably within an order of magnitude of 10~25

is sufficiently

interstellar grain dersity is
kg/m3, with a typical grain mass of perhaps mg -
10716 kg {13]. ‘The dispersion due to grains
bouncing elastically off the stream pellets. is
trivial. However, it seems likely that collisions
with grains will cause some vaporization and

erosion of the projectiles, With each encounter,


http://ic.il

—9-

escaping gas will impart a reactive velocity

increment

v = (0 g2y /(mg(2mg) 3 2)) s (1

where Hs is the latent heat of sublimation (6x107
J/kg for a yraphite surface} snd n» is the fraction
of absorbed venergy carried away by the gas
escaping with specific energy Hg, Using Martin's
application {13] of Powell's formula {14] gives n
2 2x2073 and thus W = 1070 (vg/c)¥/mg where mg is
the mass of a stream pellet in kg,

1f the stream pellets have a density of about
3000 kg/m?, then the displacement caused by the
above velscity increments sv can be shown by a
dimensionless analysis of the relevant diffusien

eguation to» be

a1 . 20 x1y3/2(vs/:)/m52/3 kmo 12)

where liY is the distance travelled by the pellet
in light years and @y is the mass of the stream
pellets in kg, anu we have assumed 1079 graine/m3.
Evidently, fcr pellets travelling over fractions
of a light-yeer, the dispersion 1is not
unreascnable for ¢ram to kilogram pellets but may
be inconvenienzly large for pellets much lighter
than a gram. Tt shsuld be ncted that cthis
estimate of ¢l may be an order ¢f magnitude or
more too lew if the grains are mere abundant or if
they are signific.ntiy nonuniform i.. size. On the
other hand, 21 may be an erder of magnitude or
more lewer If w2 have overestimated the grain
matter density or the erosion efficiency r.

It may be peossible to reduce the dispersion al
by creating a h:neycomb surface on the stream
pellets to retard gas escape and thereby decrease
n. Alternatively, if n is unavoidably large not
only for grains but also for interstellar gas
atoms impinging on the probe, then the steady gas
drag might be uied to orient projectile-shaped
pellets to minimize the area Swept out by the
projectiles. Both of these options may piace
limitations on the acceleration which can be
tolerated at launch, however, because they require

highly structured projectiles.

6. INTERCEPTING THE STREAM

Focusing the pellet sStream onte the probe
propulsion device Is complicated by the large
relative velocity of the stream and probe and by
the apparent impossibility of trailing »ny device
mere than a few huadred kilometers behind the
probe. Four possible solutions are suggested.
First, a series of 102 or more pellet
collimators, which 1imit the dispersion of the
pellet stream to a few meters, could be
prelaunched c¢r shed from the probe. These
collimators would function in a manner similar to
the initial velocity dispersion correcter,
discussed above in Section 4. Second, the probe
could detect the incoming pellets usiyg its
comnunicacvions antenna 38s a radar, and accurately
fire wicroprojectiles at the incoming stream
pellets to ceflect them onte the desired
trajectories, Third, the relative velscity of the
stream and probe could be reduced arbritrarily (at
the expense of higher wpellet-stream launcher
power}, so that the probe zould either drag a
course corraction device or even meve into the
path of each strean pellet. Foewrth, the
acceleration phase of the mission couid take place
over a fraction of a light year (again at the
expens= of higher pellet-strean launcher power).
This fincl optisn .ot only reduces the dispersion
of the incoming stream brt alsc freus the stream

launcher for other missions,

7. PROBE PROPULS fON INIT

The purpose of the propulsion unit is to reflect
incoming stream pellets while producing a minimum
amount of energy dissipation. Two metheds are
consicdered. Fer both metheds. the incoming
pellets are assumed to be focused to arbitrary
accuracy by the «course correction systems
discussed above. .
One possible pr:pulsion unit weuld rebound the
stream pellets with a high efficiency
electromagnetic mass driver. However, the energy
storage required {4,5x1014 d/kg for vo/c = 0,1)
may be prohibitive unless the stream pellets are

very small.



exanp tor magnes

refleceiin ot oz in the Daedalas
design 4., Loteas

the plasta is

reflecte: I,

8.

The above

the major

requirements  of  the Erogpulsic

concept ané a nuber

meeting these requiroments. teidently there is

tervall., The sverall

the pelliet streaz
oould be acomplished by 39 :siiima

&rs sgiced as
340 AL intervals if each o' _imator can detect and
correct the course of peilets laterally Sprea

over about +130 m.
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3. ShLoar Ml s
Srer Gl Value
Paramcter v atEs e
folien - trea” Loy
b

requiveTents B mBTrer SySten
comoinating of (% Hswover, tre

hose for simple

absorptivity) = the presc - -

,
“
]

airror diameter of 4. and the mirree

cansidering other laser propuls:.n

170 tenne.  For a jiven mirror

rethods,

only pararmeter of thzze listed

depends cn the laser wavelenith

source diameter = 100 km)

magnitule < the cptical emy

ion parameters are reproduced in
Sigaificant ‘mprovenents et sh Tahle ] fov compariscn with rhe pellet-stream and

are upiikely, dve to Jecrerses

e mass and specific power of
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interiges oy » .o : 13073 ¢, 107 Mgrav)  is used. However, thu
SO = : ST Ty peliet-nureoan launcher can be constructed
ATy T : ) madularly of relatively simple comwvonents, unl
o, NI a fusion emgine. And it deues not regquire the
LT, T extrene ¢ lerances (better than one part in 10:4
. 5 v optics. A more careful cemparis:n of
. the effrt reguired te contruct a practicadle
wersimn of  each  propulsion  engine  wuld
. TaTton nevertheless be desirable.
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S e noted thae

To sumnarize the comparison of propulsion systems
for rapid interstellar travel, pellet-stream

propuision offers one to two orders of magnitode

to the pllet-onr improvement over a Ffusion rocket in terms of
that the reastr e prepulsion sysktem mass , reaction mass
neutrans WhilTh ar anStaed o be reabsorbed in the requirements, and  power  consamption.  Further
prilet with a leag<ae of one part in 1034 (1)) advantages are reusability of the primary power
(1). oy cCejrajer: noan the pellel performance system and probably less exotic engineering
would be diasteius for the fusisn prepalsion requirements. With respect to laser propulsion,

schene, but not ecessarily of major

for pzllet-stream probulsicn.

lmportance

the pellet-stream approach probably requires much
less exacting engineering in the 1ocal power

Source. If the pellet stream can be accurately
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is nc lamger Jdo

has twen asgsuanwesd that g

ignited Lo, it

[P MU SR SR S

smaller prote

miniatu

reception ar

also asswied wnat the partizle-ctream pellets are

"t 5 shortly Lt re

disper sed RS
encountering the probe {(in order ts oBbtain a
snaoth power icad on the propulsion an.ty, and

&
N

that intersteliar di peliets s

given by Ea.{li). conditions do not
hold, then more

required.} The

M3rav assumed o

very long launcher

overall cest Jf

unreasanable for a mxderately  develiped space

indastry If the ~oows for

manufacturirg
production and assembly of the Lyncher components

are 1ot greatly in excess ot 1 opem:

Cpear per oKL

The .ther techneological reavirements for che

low performance wissisn are  Conolderably  less

dananding than for the hizh pr:ormanee mison o

in Table 1. 1t appears

technological derands may e
example, the 3.8 GW .f power required for the
pellet launcher conid be providel by & simile
solar power satellite statien, and 2 10%
absorption of the 100 KW/kg incident on the probe
collld be reradiated at 400 OK by a 0.015 mn thick
foil centaining 163 of the prepulsion system mass.
The maximun acceleration experienced by the probe
(averaged uver the time necded to intercept a
small number of pellets) is less than cne

milligravity.

Noooattespt s been made here to eptimize the

kinemat

prilet-nrre

optimizary n sheuld  allow  mtlaxation of  the

missl i regairenents by a snall  facter. For

exanyie, it the pellet veloc:ity 1s ali.wed to var.

over the misnicn, then the maximam reguired pow

for a given mission will b gnaller,

TeoAn even Sonceiwable that fully  optimized

pollets wrrean cystem could also incorporate iaser
Foaction  mass

an-ooard o tusioh.

propelatn o

Soul ©obe rtrensterred throush the pelilet stream to

4 saser-driven systeam, fuel and’/er reaction

mass  cruld Le transterred te a fusi-n rocket.

T1oabwiate the need  for

This Iatter concopt

acceloration of massive on-hbuoard stores of rechet

fuel. It weuld alse ajlow cellection of  the
velocity,

Stream at low relative

representing o Improvement  over the  recent

propesals of spreading fusion fue  pellets in the
path i a laser prupelled [7] fusion rocket

{15] as an ‘'acceleration runway'.

Both laser and pure rocket propalsicn’ may be

limited 1o {lyby missions if the interstellar

flight time i< to be -50 yr. I{ it is instead

desired to arrive at destination with negligible
velocity, laser propulsien would reguire on-buard
reactton mass and a large improvement in range
discussed Nuclear rocket

over  that avove.,

would reguire vast fuel supplies (e.g-

S10d tenne, paylsad~tonne  {>r GDaedalus). 1f one

ariner realizes that the only solution ts manned

interctellar travel within reach of our

{admittedly rudimentary) biolegical technology is
the nassive  interstellar ark  [18], then the
requirements for rapid manned interstellar travel
becorie truly astronomical.

With pellet-stream technolegy, a number of
possible  solutions are available which could
requure much more modest improvements on fivby
technolegy.  In order of increasing 'purity' of
the peliet-stream approach, these are (i) remote
fueling of a nuclear

rocket prior to its

decelcration (ii) remote fueling during



(131} partial deceleration with a

deceleration

slow, prelaunched, peller stream,

remote fueling of a deceleratis

collisional deceleratizn using A
pellet stream lauwnched from the destinatton by a
automaton and  {v}

from @

small advance crew or
deceleration on a pellet strean rebx
lead ship. Ti, each case, the acceleraticn ghase

would occur Ly the pellet-stream methods discussed

above.

Considering the deceleraticn met ES]

5 mention

i

above, fueling prior to decelerat: o

Lol strean

with low relative velo

and the rocket. This is the most oo

pLuatly

iteelf

straightfcrward propesal and  would

represent @n enorTous mprovement Tver pure

technolegy. on  the cther had, the

convept wruld avoii ruclear rodkets altoe "her but

ice

Gt

demand an expendable, nigh~p.wor-
accurately reflect a peilet strean bask toward the

ance the 'intersteilar

menned vessel. Of course
highway' has been traversed, then a prllet-stream
launcher can be censtructed at the other end for

relatively easy two-way travei if there is any

motivation to do

12 IMPLICATIONS EGR INT

The  pellet-strewn  prepulsion on-il has
considerable impsrt for three rmain c.r £oan
area of research which has  neen called

Interstellar Studies 14},

exploration {ii:

the search for excraterrestrial inte.l:

consider these in turn,

12.1 Intersteliar Expleration

The main thrust of this paper has »een to

demonstrate that pellet-stream propulsicn offers
order of magnitixie improvements relative to fusion
rocket propulsion. Wwiile tusion recket prapuision

may be posible in several conturies in a

selar-system-wide G OD0RY pellet-strean
propulsion can probahly be accemplished in the
order of a century in a near-carth (‘cis-lunar?®)

econdmy. That such a passibility exists may bring

studies of interstellar propulsi n from the realn

of an ‘'existence prooi' into a realm where mere

dJetailed designs will sujgest a useful directicn

for the developrent of advanced prepulsicn

local use. It alss suggests an

rationale for a spacedorne

manufacturing capability in earth orbit [17,18].
It should be nowad that the high pertormance

pelicvt-strean mission analyzed in Section 8 of

thls pajer berrows  extensively from Daedalus

tecknolayy.  Given that this assuned technology

v be overly optinistic, particularly with
respect to Lhe power deasity in the on-boar?
propelsinn system, a more realistic Tone
pzvformance pellet-stream missien, such as thas

cutlined  in Sectioen 9, might in fact take 3

e. This would extend the timescdale

contury o

I3

for intersteilar expleration, but the magnitude

should stiil e

stment reguired

cinsiderably  less  than  the solar-system-wida

required even for a more conservative

Iaedalus cencept.

12.2 interstellar Settlement

metivation for interstellar

undoubtedly  the

The ultimate

exploration  is dream  of
interstellar settiement. It can be argued that
intersteilar settlement would be a tremendous bosn
for human cultural diversity and may even be

survival of our

eossential  for  the

progeny on

Not only would a

provide a continuing

llar settiement,
but the special advantages of pellet-streams for
deceleration would enormously facilitate manned
settlement. In addition, the prior launching of
pellet-stream collimators for interstellar probes
step~by-step path in
‘highvays to the stars' and
and possibly the

would provide a natural
establishing
eliminating the technolegical
pelitical, psychological, or socioloqical barriers
in the way of manned interstellar
and/er  seitlement. Thus, the
indentified path towards interstellar settlement

explcration

more clearly

offered by pellet-stream technology may help make
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a primary 7hal of Interstellar Staaies 3 reaitey
ir the nind . contempurary ®an.

12.3 Extraterrestrial Intelligence

Finally, it should be noted that the relatively
the stars offerad by
pellet-stream propulsion should also be available
in the galaxy which has
This lends

straightforward path to

to any other culture
experimented with physical tectnology.
credence to the suggestion tiere is unlikely to
number of technolugical

exist a large

civilizations {e.g. 2 103) which have arisen
Independently in the galaxy. This is because any
one of these civilizarions could at any point cver
millions of years have initiated intersteliar
settlement and spread throughout the galaxy at a
rate which is physically limited to no less than
about 1/10 of the speed of light.

Note in

particular that pellet-stream

propulsion works best with interstellar stream
collimators and with a station at destination ta
launch deceleraticn.

Peliet-stream technology is therefore particularly

reaction mass for

suited to short trips and permanent settlement of
nearby stellar systems, i.e. to a wave of
which by a

analogous to natural selection could eventually

interstellar settlement process
reach every niche in the galaxy, including our own
solar system. The existence of this possibility

may be in contradiction to the absence of
definitive evideice of extraterrestriais in the
solar system.

technolegical

One possible conclusion is that
civilizations are rare {and
therefore distant) or are entirely absent from the
galaxy. Of course, the possibility  of
pellet-stream propulsisn does not directly impact
a wide variety of other explanations (c. £. Hart
[20])) for the absence of definitive evidence of
extraterrestrials in the solar system, but it doe=
render even more untenable the originail
explanation [21) that

either too difficult or impossible.

interstellar travel is
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POSTSCRIPT

An analysis of an advanced pr.opulslon concept and
its conseguences s keing Civculated in the form
of the main text oI this reft 7% In the expectation
that it may zrovide interesting reading for a
nunber of memberrs of the $J19Mtillc communlty in
general and for Fusion srchers who may be
particularly interested ! uses  of nigh
technology in i ithough  the
analysis presenzed : a lirtie to
what has ailready i ancut propuisis
wree, some of ot

using fus a5
issues - hoare relevance
the Icmg terin usces fusicn.  Gince

this senes of repor
velated t>
comments have
report in crder
be relevant
rescarch.

LONG TERM USES OF CCWTRCLLED FUSION

£ contralled

calex, Far

crgy Policy

Any discussion of the practical
fusion nust cenuider long
example, present U.5. Dopary
assumes that contrallud fus;on aot centributs
the major fraction of y)l‘.cirical generation
capacity ir the U.S. uncil the mid-2150 century
(pll. A brief retrospection i the state o
industrial technol>gy at the begtnning of the 20
century suggests that major changes in  atn
fields may occur op such a time scale. I
therefore ochoove: us to take a wide perspective
vhen coisidering juestions relevant to trends in
the developnent of  fusi~n research, The
accompanying text touches on two topics relevant
to the eventual fate of fusian technology.

The First top.c of interest is alternative
sources of energy for the lopg tern. With respect
to electricity gsneration, the main competitors of
controlled fusion ars thought © L2 solar power
options such as iand based Ste jenerators or
photovoltaics.,  Given that t systems are
typically an order of magnitude more expensive
than nuclear puwer options, 7 ponents  of
controiled fusizn have often inpl:titly assuned
that reasonable suiccess in th2 ¢ «r+.olled fusion
effort would mase it the prisi-v source of
€lectrical powsr in the lont fer [ .j. Such a
conclusion may b: naive, in t % it neglects
technological deJel\r:ma ES Wil rove not yet had
any practical realization ard gained wide ~blic
notice, but which miy be expected to be impurtant
on a long time gseale. Such developments are
briefly discussed in Section 3.2 of the
accompanying text,

One such devel censtruction of a
large scale manuis ¥ in smece.  This
would aliow the constructlun of solar power
stations in an environment with wvery low
mechanical stress:s and a c¢ontinuous source of
high intensity radistive enercy flux, which coeuld
result in an order of megnitule improvement in
efficiency of electricizy p!vJUCtiOﬂ [p3i. From
the perspective of 1979, he large capital
investment required te construct  a  space
manutacturirg cspibility = this option luok
very unattractive is a near term energy source
[p4). However, luoking backward frem a century
from now, one might f£ind that a space
manufacturing capability had cxisted for some

time, porh for reanio
generaticn
a4 Crrounntal
would b2 comps
icny terr,

TR Tsecond o on-
bialegical techna
comparable oot
contury Aays wWhen, C
eguatisns of
aeen formn

14
T

ety v

not scour
saoner,
trhe requi
by formidan
provide a
fusipn, ang
sinnificantly
use.

A gecond top:
iony tenmn uuel
proculsion,
assured  that
the nost advancs!
iiberates the hizhe
for which any react
has been proposed.
fusion were not to
an inexhauv.ribie
gencratien, in*m
advancad pronualsio
main thrust of Lm:
that this is not th
that the enormoas
creating e
contr~licd
simple expedis
the earth or sun,
propulsion wnie
wellets,

The
pc’smctu»
fusion. on
(prabable,
technoal~zies v <
becoie competitive '“:.".
time scale «f a aenfd
other hand, it ears
besides aluct-ic
longer tern
not ta  imp
futnre appl

154

contrary,
{oost)  amd

consequences of

intractable !

correct, the rontra

role in the epergy coonomy century.

But this will reqguir.:

in a timely fashion ani
relevant. timescaie. The
afford to be starry eyed anout a miil
economy which will never exist, ar

procents

technalogical developrants mly unrelatei
flelds in the complar surity that tusisn is the
long term soiution o the erargy problem, XE such
a narrew perspective s takan, then mistares may
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be made; a wider perpective may help fusion to
find a suitabhle role amongst future enerqy
sources.
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