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.N3STRACT 

A pel 1 et-strear- concept for interstellar propulsion is describee!. 
=~all peiiats are accelerated in the solar system and accurately 
•jji.'io to an interstellar probe whee they are intercepted and 

transfe' m-mentuir,. This propulsion system appears to offer 
orjers-of-nagnitude improvements in terras of engineering 
simplicity and power requirements i^ver any other known feasible 
system for transport over interstellar distance in a time 
comparable to a human lifespan. 

to be submitted (without postcriot) to j_^ Brit. Interplaneta • 
Soc. 
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'ila-- transport u s i ^ on-bo>ard rocket 
:--: *: 11 r^-qu: re formidable technological 
., even for fl ights taking up to 100 years 
:-~c:n<.s SUJII compared to the speed of 
r>:'"t;c o-.-board propulsion systems such as 
- r •.-sr.r.ihilati-Tt [1] , gravitat ional 

". •-;- .r.= ll black h^les, and collecting 
•.'. :- -...n t-.-T i>r a ran je t [2], present 
.: :'. v.., :--!; and technological problems to 
.• -, -;'t_' /i*. r rt"'-ont no forseeable solutions 
;. *. :., '.:.• r._f'-r«' recently been concluded 

...- : • ..; j-r^,;* icicle '•n-board system for 
'. ;• :.'•-: ".'*.• i"ii is pulsed nuclear fusion. 
t . :-:-. " ; v t v^-ald use rr-.all pel le ts o£ 

: :•„: ;!i.-*, w:.:-rr. w-uid be injected into 
• ; r rf a lar.j«j magnetically insulated 
a:.; : : - , : ! •_-.: -vith r e l a t i v i s t i c e l e c t r - n 

A •-:*•>.•:.•. i.^ive st'jjy of propulsion using 
:,;'. •. '. ̂ : ~n rocket, the Daedalus project 
!"<: to i he conclusion that a 

- • --!•-- A'. .:•_• ec^Ti".^/ w~uld be r equ i r ed for a 

a.:L'r.:'L^: crrLe mission to cover the 6 
••; :•- l-jrr. i^ i ' s s ta r with a fl ight t ine ^f 

7:.:.: conceptual design study consul*'" *d 
• •; -;-j automated -maintenance of the 
•• ;, :.;.- • - , £•-.:•_ 1 .v-j'-cos, interactions with 
(•;•£'•:; r .rvdium, navigation, and d3ta 
f-v. a:)-i Lrjr.sni;ssi<~n. Illi5 was the f i r s t 
.i'. t *-—p* -it an eng i r.eer i ng anal ys is of 

•: ,-r.*;, ar.d '"presents a milestone in the 
j.-.r'fr.^e; Ia r propulsion. Of the problens 

r t-J, t.*v. ii.;e ff large a ioa i t s of the rare 
-•~3 j >.'.-•--.t"d rajor d i f f i cu l t i es in the 

• * , t ;t *;." most serious uncertainty 
f- . •.Lilit; "f the design i s undoubtedly 
.. r -- L-r.t fr construction and automated 
.-'iir.ter.3r.: e of a power source with 
y \\ i i \ i .r we r dens i ty, Much o t the 
of su:h cMcial issues as neutron damage, 
oh-r-.L^r heati:Kj aixi s t resses , and pel le t 

fTnance r *v-s necessarily limited to order 
tuJt* es t i r a tes of system performance, and 
f•tailed ar.alysis may well reveal problems 
riously 1 ;• ;nit the performance of a pulsed 
icket. In part icular , i t i s not even yet 

clear that the plasma physics (such as l imitations 
due to plasma ins t ab i l i t i e s ) will even allow net 
energy gain in the r e l a t i v i s t i c electron beam 
approach to pulsed fusion. 

1. 2 Laser Propulsion 

The l imitations of on-bnard prop-.ilSK have led to, 
the propo s j 1 of us i ng momentum ar.d/o r ene rgy 
transfer from a local ly based laser [:'.•,6,7]. In 
the sirple.it version of th i s propulsion, s/sten, a 
stream of photons is launched from a la-\ge lar.er 
situated in the solar system. The photon1;; travel 
across in te rs te l la r space, e .g . to a mirror1, on the 
in te rs te l la r probe. Each arr iving photon e x ^ t s a 
push -"I t he m i r r o r , t h e r e b y a c c e l e r a t i n g 1 ! ^he 

pfobo. Ttio ultimate i ^ w r so.u--co ,*,hich driveL', th«:: 
interstel lar pro.be is located near • l.c ] <. ~-:;r 
'pho'ton launcher' in the solar system. 1hj.s -\s 
the tremendous advantage th.at tiie Vf(- :r , i - -] ' 
power source do.es no.c have to be accelerated wit.h 
the probe. Therefore, althc-t»jh tlie pov.-er so-ufc> 
required may be large, i t can have roasona::}( 
speci f ic power (power per uni t mass) . We rc-.r, 
therefore be confident that such .? po**er srurce 
can be designed without impossibly exotic 
technologior,. However, amor-g oti.er prcLl^r.s, t i e 
inherent dispersion of a laser btvx-n 1 imits tr.o 
acceleration of the i n t e r s t e l l a r probe to a reci<n 
very close to the source 'j^S* to 10""̂  [>2 

l ight-year even for a garo^-ray lase r , v.liere ^ : s 
the dimension of the r>ptical surfaces in n o t e s . 
The probe must therefore be accelerated v«rv 
rapidly. The resulting high optical quality .".rJ 
the p-'wer and eff iciencies required in the lasf/, 
combined with the l imi ta t ions imposed by the 
probe's waste heat rejection system, again pr .-sent 
technolog i ca 1 pr obi cms wi th no for*:, jeable 
solution. 

* * "* P c l l e t - s t r e a m Propuslsion 

The fundamental physical l imitat ion presented by 
the optical dispersion of a laser source can be 
overcome by using a pel le t stream rather that a 
photon stream for the momentum transfer . in the 
microscopic l imit , th i s solution would involve 

http://th.it
http://-'iir.ter.3r
http://pro.be
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launching the probe i t s e l f , e.g_. from a l i n e a r 

mass d r i v o r . However, t he enormous s p e c i f i c 

energy -A the probe ( 4 .5 x 1 0 ^ v 2 / c ^ j o u l e / k g for 

a probe with v e l o c i t y r e l a t i v e to t he v e l o c i t y of 

liyhL of v /c) uT'uld r e q u i r e breaking i t down i n t o 

a l a r g e nanber of s u b a s s e m b l i e s , each of which 

would have t<< be capab le of w i th s t and ing t h e 

l()3-)o7 g r a v i t i e s a c c e l e r a t i o n used dur ing l aunch , 

and w-uld then rendevous for au toma t i c r ea s sembly . 

Th is may prove i m p r a c t i c a l . 

The optimum s o l u t i o n appea r s to be t o launch a 

s t r e a - of small macs p e l l e t s wtiich a r e i n t e r c e p t e d 

by the probe and t r a n s f e r momentum to i t . The 

p e l l e t s v ru id bo 1 nir.ched, for example by a v e r y 

long i incar e l e c t r o m a g n e t i c ttass d r i v e r , which 

would be i r c a t e d in ' h e S" la r system and s u p p l i e d 

with nucle.jr or :/••]. >' power. The p e l l e t s t ream 

would be ve ry c a r e f u l l y aimed (co l l ima ted ) 

immediately a f t e r launch and perhaps r e c o i l i m a t e d 

o c c a s i o n a l l y durarrj f l i g h t . Tile p e l l e t s would be 

i n t e r c e p t e d by an i n t e r s t e l l a r p r o b e , for example 

by conve r t i ng Lho.n to plasma and r e f l e c t i n g t h e 

plasma by l e t t i r e } i t rebound off of the th^ f i e l d 

of ma^:,' :•• can ice or. t he probe (_i_-e. in a manner 

S"now*.,-)t ar-,a:"7* -.it. tr- the expu l s ion «~f plasma from 

a m a g n e t i c a l l y i n s u l a t e d r e a c t i o n chamber i n a 

pulsed fusion p ropu l s ion s y s t e m ) . The c e n t r a l 

c'-nc^pt which makes t h i s a p p a r e n t l y o u t r a g e o u s 

idea sear. -:;:ite f e a s i b l e i s t he f o l l o w i n g . 

The a b g lute- p . i n t i n g accuracy o f t h e mass 

launcher i s n r-t a s e r i o u s l i m i t a t i o n . The 

probe d e t e c t s the incoming p e l l e t s and 

a d j u s t s i t s p - s i t i ^ n to s t a y in t h e s t r eam; 

modest cou r se c o r r e c t i o n s a f t e r t he main 

a c c e l e r a t i o n phase then put t he probe on 

t a rg - j t . Only t he r e l a t i v e v e l o c i t y 

d i s p e r s i o n between one p e l l e t and the n e x t 

mafces a s i g n i f i c a n t demand on the performance 

of the p r o p u l s i o n sys tem. Th i s r e l a t i v e 

v e l o c i t y d i s p e r s i o n can be measured ex t r eme ly 

accurately by l e t t i n g t he p e l l e t s t r eam d r i f t 

over very long b a s e l i n e s , and can be 

c o r r e c t e d by impar t ing small momentum 

increments Lo the p e l l e t s . 

In t h i s paper an o u t l i n e of t he p e l l e t - s t r e a m 

p ropu l s ion concept i s p r e s e n t e d inc lud ing ( i ) 

probe kint-inar i c s ( i i ) mass d r i v e r r equ i rement s 

( i i i ) c o r r e c t i o n of i n i t i a l v e l c c ^ t y d i s p e r s i o n in 

t h e p e l l e t s t r eam (iv) interaction o£ t he p e l l e t 

s t ream wi th t he i n t e r . s t e l l a r medium (v) momentum 

t r a n s f e r and s p e c i f i c power of the probe 

p r o p u l s i o n sys t em. General formulas a r e d e r i v e d , 

and a h igh pe r fo rmance , D a e d a l u s - t y p e m i s s i o n [A] 

and a l e s s t e c h n o l o g i c a l l y demanding, low 

performance mi s s ion arc ana lyzed a s i l l u s t r a t i v e 

examples . F i n a l l y , t h e impact r>£ the 

p e l l e t - s t r e a m p r o p u l s i o n c o n c e p t on I n t e r s t e l l a r 

S t u d i e s and the long range g o a l s o f t he e x i s t i n g 

space program i s a s s e s s e d . 

2 . PRC6E KINEMATICS* 

In t h i s S e c t i o n we d e s c r i b e t he miss i -m p n - n i c s 

which can be ach ieved by p e l l e t - s t r e a m p r ' - p u l s i - n . 

We use t h e momentum b a l a n c e of t h e probe to 

de te rmine t he s p e c i f i c power a r r i v i n g a t t he pr< t«e 

and a l s o t he power requi r e g e n t s for t he 

p e l l e t - s t r e a m l a u n c h e r . 

2.1 Conservation Rqu.=iti<-ns 

The momentum ba l ance of t h e p robe i s 

m ^ V p / d t = ^ [ , { m s v r / v s ) v r , (1) 

where m p = total mass of probe, v p = velocity r-Z 
£robe, v s = velocity of pellets in stream. insvr/vs 

= (doppler si'if ted) rate of pellet mass arriving 
at the probe, u is the momentum transfer 
efficiency ( u = ] for elastic rebound; u = 1/2 
for 'stop and drop'}, and 

Vr = vs " v p (2) 

is the ̂ relative velocity of the pellet stream with 

The equations in Section 2 are in mks units, in 
other Sections the units are either mks or 
specified in the text. The units listed in Table 
• are chosen for convenience and do ret indicate 
chat the symbols listed have these units in the 
text. 
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respcct to the probe. The (doppler shifted) gower 
ir.tercepted by the £robe is 

Pp = (i/2)(^vr/vs) v r
2 , (3) 

and the power with which the intercepted ^trea-n 
particles were launched is 

ps = * Sv s
2/2 • ( 4 ) 

An important parameter for any high power 
propulsion system is the specific power S_ 
processed by the propulsion unit or. board He 
probe. In par t icular , the tota l mass mp of the 
probe is the sum of the payload mass m0 and the 
mass Pp/Sp of the propulsion unit; in terms of Sp 
we have 

™p = % + Pp/Sp - <s> 

Eqs.(l)-(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-strea-n launch velocity v s , and the 
launcher power P s < -jfce present calculation i s 
nonrela' . ivistic {i.e_. assumes a l l ve loc i t ies are 
small compared to the velocity of l i g h t ) , which is 
adequate for 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: P p {power into propulsion un i t} , 
S_ (propulsion unit specific power) , and v s 

(pellet-stream velocity viewed from ear th ) . We 
calculate the maximum pellet-streani launcher power 
P s needed during the course of a given mission. 
Such mission profiles have the advantage that the 
probe and pellet-stream launcher are constant 
during the mission and therefore are the most 
conceptually (and perhaps also technically) 
straightforward. A disadvantage is that some of 
the capital investment involved in producing high 
launcher power p £ i s not ut i l ized for probe 

acceleration during the early part of the mission. 
(TTie extra power avai lable , however, may be useful 
for other purposes such as launching pel let-stream 
collimators, £._£. Section 4.) In the present case, 
Eqs.(2) and (3) can eas i ly be used to eliminate v r 

and iTig from Eq . ( l ) . Eq.(l) can then be integrated 
once to give 

v p = v s U - U - v t ) 1 / 2 ) (6) 

where 

v = (8,P p)/(mpV s

2) , (7) 

and integrated again to give the distance to the 
probe 

1 = v s ( t - [2 ( l - ( l -v t )3 /2 ] / f3 - . ] j . (8) 

For given tota l mission time t*, to ta l distance 
1* = 1 ft*) and specific power Sp, there is an 
optimum pel le t launch velocity which minimizes the 
power P p e a K = P s ( t*) which i s required to launch 
the pe l l e t s which arr ive at the probe at time t*. 
This i s i l lus t ra ted in Fig. 1 for u = 1 (e las t ic 
rebound) and for various values o£ probe specific 
power Sp. The specific power is given in 
multiples of 

S* = l*?t . -3 . (9) 

The power and velocity are given in the natural 
dimensionless units of P 4 = m S* and v* = l*t*~* 
on the l~ft-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» t* = 50 yr, m 0 = 450 tonne (and S* = 0.79 
MW/kg, P* = 0.36 TW = 0.36xl0 1 2 W, v*/c = 0.12), 
and on the outer scales for a low performance 
mission to Proxima Centauri with 1* = 4.29 ly, t* 
= 130 yr, m Q = 10 tonne (and S* = .024 MW/kgr p* = 
.24 GW, v*/ 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 



2.3 Including ^ Past Phase 

A :L«?CRMANCE 

: -» prprnnvaNCC 

,:;w " 7 — 1 

• \ \ V - ' 

The above mis-ii.v<> p r ^ t v l e a n a l y s i s ass\*?«l powered 

f l i g h t for the d u r a t i o n of t h e m i s s i o n , in o rde r 

to minimize s p e c i f i c power r e q u i r e m e n t s . I t ney, 

however, be d e s i r a b l e t o i n c l u d e a c o a s t phase in 

the m i s s i o n . At the c o s t o£ a s l i g h t l y rr^-e 

mass We p ropu l s ion system, t h i s w i l l f r ee t h e rr.3ss 

launcher for o t h e r m i s s i o n s , reduce the d i s t a n c e 

over wiiich the p e l l e t s t ream must be co 11 imatc-d, 

a ' d reduce the maximum requ i r ed source pti-vsr 

(which i s used very i n e f f i c i e n t l y i;ea" Lhe end of 

the m i s s i o n s analyzed a b o v e ) . I t i s a 

s t r a i g h t f o r w a r d m a ' t e r to g e n e r a l i z e the abvve 

ana 1 y s i s t>• t h i s c a s e . We- use £q . [3) out to a 

dis ta i . cv l a c c e l f t t , c r e ] i and t h e r e a f t e r 1 - l a c c e l 

+ ^ " t a c c e l l v f i n a l f ' ^ e r e v f i n a l = V p f - L a c c e l ) '- 5 

y iven by FX].{fc>;, F i g . 2 shows r e s u l t s analc-g' . js 

tn t'rysc' ' /[ F i g . 1 for a c c e l e r a t i o n over h a l f r f 

missi- -n {( 
P r o h e , -v -" 

,c:it v s . r-0.1 m l -

- sr>-clf i c r.":v 

ri-jht-J^inc: - ^ 

• - , , .• ' .- "• •'.. '•: >•; .t'i v o i ' - c n y 
r - • • •;•.-. t .T>- ^i .- l / ; ' -?;? h e r . - . 

- „" ' ' -i* *.:.•_ re i^ an opt imun 
- . ; , wiii.-;, r . ^ u r . i z e s the power 
: ; ; - c J f . r iainrrhing tr.2 - a c t 
*r. a t tii'_' ;_r^be. In t he ' low 

• e ^ C J ' y u

s ^ r i p t_ which minimizes 
i 'Ml , h r v.'.v/t?r, t h a t i t i s more 
<.'..{• 3 I'-vor va lue of v ( e . q . 

to reduce t he le:yii_:. «-i lU* p e l l e t laun<:her) a t 
the c o s t '>£ a h io ry r P . , , ^ , - as an example, HI? do 
t h i s ' i s the ' high t c r i o n n a n c e ' mission analyzed 
below. 

pt'dK 
p e l l o t : v r ! • • ; . 

perform an; '..-' 

choose t h e ..-••; 

p p c a k -
a d v s n t ' g t - ' u : , I" 

LOW "ERFOSMAftlCE 
0.2 0.3 
I 1 — 

: MGK PERFORMANCE 
9.6 

' - - / / 

« s /v . 

F ig . 2. Peak power v s . v a s in F i g . 1 excep t 
a c c e l e r a t i o n occu r s over h a l f of mis s ion d i s t a n c e 
( faccel = u - 5 ) . x i n d i c a t e s low performance 

miss ion d e t a i l e d in Table 1. 



the to ta l d is tance t ravel led (i^ccei B l a c c e i / l * = 
0 .5) , and Fig. 3 S ! K « r e s u l t s for f a c c e l =(0.21 
)y / 5.91 ly) = 0.036, which i s the ' acce le ra t ion 
f rac t ion ' used in the Daedalus mission [ 4 ] . 

2.4 Mission Requi rements vs . f a c c e i 

A comparison of Figs. 1 and 2 shows the advantage 
of accelerat ing over a moderate fraction of the 
mission (with P s.„ and v b cons tan t ) . But Fig. 
3 s!* ws that accelera t ion over too small a 
fraction of the mission requires very hi-jh sou r ce 
power. In fact , an accelera t ion fract ion £ a C [ ? e i -
0.5 is p-obahly --jAii-ial fo-' the type of missions 
analysed her-j, as shown in Fig. 4. In Fig. A we 

accel vary f 
vs,oVA • ' - ' 
W v s , t 
curves in rig 

and : l o t th<. optimal p e l l e t ve loc i ty 

thr. associated minimal values 
:':-'.f lk '1-2.- t h e minima of the 

v 5 ' : ; 0V» PERFORMANCE 
0.2 __ _ 0.3 

V ' •• HIGH PERFORMANCE 
J.4 0.G 

~ " 7 

Fig. 4. (a) Values 
ve loc i ty which give I] 
requirement, plotted vs. £ 

opt of pellet stream 
lowest peak power 

accel -

2.5 Other Mission P ro f i l e s 

Fig. 3. Peak p r w - vs . v s for f j = 0.036. x 
indica tes high performance mission de ta i l ed in 
Table 1. 

I t i s s traightforward to genera l ize the above 
ana lys i s , for example to relax the requirement P 
= cons tan t , so t ha t the source power can be l e f t 
on [or the ful l mission and used more e f f i c i e n t l y 

I 



near the end of the mission. However, since a 
shorter acceleration phase makes i t easier to 
collimate the part icle stream, we will find i t 
adequate to res t r i c t ourselves to the analysis 
whose results are shown in Figs. 1 to 4. 

2.6 Scaling 

An important aspect of the above analysis i s the 
strong dependence of the technological 
requirements on the parameters l* r t*, and n^. In 
particular, the technuloqical problems become much 
less severe for a moderate increase in the tota l 
mission time t*. For example, the specific power 
S <• U 2 t * " 3 and the .Tource power p f i =• m 0 i* 2 t*~ J 

scale as the invoke cubfi of t*. Also, the length 
of the pel let launcher scales as l* 2 t*~ 2 . 
Finally, the ,:iax:murr. average acceleration 
experienced by the probe is a ^ a l*t*~ 2. Since 
the mechanical stresses for which the probe must 
be designed may be proportional to a

m a x , the 
difficulty •;•£ achieving a given specific power S^ 
may scale as ->m a >..^ ' l* 3t*~^, so that a modest 
increase in the T.:.-=siofi • time t A will tr.nke the 
design of the propulsion unit much easier . 

The above Kinematic, define the typical values of 
v s and P s required cf the mass launcher system. 

3 - 1 ESllzL t-aunche»-

Firs t consider vQI which determines Use product of 
the length L s and acceleration a s of the 
pellet-stream launcher 

a sLs = 4600 ( U s / c ) 2 , UO) 

where a g j s assume constant and measured in 
megagravities (1 Mgrav = 9.8x10*5 m/s2) and L s is 
in megameters,. 

Among the many possible schemes for launching 
pe l l e t s , the most straightforward involve linear 
magnetic accelerators. If such an accelerator is 

stationed In space, i t can be extended essentially 
without l imit , as was apparently f i r s t noted in 
195Q by Clarke [8], who also prophetically 
speculated that an electromagnetic launcher might 
conceivably be put to some unspecified use for 
in ters te l lar £1ight. A 'conventional• magnetic 
accelerator uses copper driving coi ls to propel a 
superconducting pel le t or bucket, and would be 
hard-pressed to achieve the submicrosecond 
switching times required here. Faster switching 
could be achieved by the 'superconducting quench 
gun' !9J. A suitable system can undoubtedly be 
designed b / urging sufficiently large coi ls and 
power supplies, but doterming the size and cost 
will require a detailed engineering analysis. The 
present cost of an electromagnetic mass driver is 
on the .-̂ rde-r of one person-year per meter, but 
this co.sr could be larger for more sophisticated 
technologies or could be markedly reduced by macs 
production cf the system components. With recoc-ct 
to the achievable pel le t acceleration a S f i t 
should be noted that accelerations of 0.3 Mgrav 
with a ~i g pel le t over a A m path nave been 
obtained with a ' ra i l -gun ' electromagnetic 
accelerator [10\. Much l\ig'r.c-r accelerations .-,£, 4 
to 6 ttgr^v were postulated for the injector to 
launch f je 1 pe i 1 e ts i rmo the Daedal us react i on 
chamber 111], If extended for use as a 
pellet-stream launcher, an accelerator with a = 
0.3 - 4 f-tarav wculd have a length L~ \"5 ^ j n (and a 
•:>t-'i1 -r^Ji: of p:ssibly several million tonnes). 

The launcher would be bu i l t in a large numb-- -
of subsections, between which the pellet 
velocit ies would be corrected by 't^im' co i l s . 
The station-keeping requirements requi red to 
correct accelerator misalignment due to 
gravitational perturbations within the solar 
system iiave been considered and found to require 
very modest propulsion systems on the n -ss driver 
segments. 

3.2 Source Power 

The power requirement for any near-term 
in ters te l lar mission is rendered formidable by the 
high specific energy of the payload |_e. £„ , 0,1 
ai-century/tonne for v £ i f l a l / c = 1/10). Three 
possible solutions for the power source include 



n u c l e a r power, b i - ' c cnve r s ion of s o l a r power, urd 

p h y s i c a l convers ion o£ s o l a r power. 

The nuc l ea r power o p t i o n would a l low l o c a t i n g 

the mass ]«jj:..-r.of far from the sun , t o o i n i m i z e 

s o l a r s y s t e n p e r t u r b a t i o n s of the p e l l e t - s t r e a m 

t r a j e c t o r y . For example, a lower power v e r s i o n of 

t he 1 0 5 GW Daedaius eng ine us ing 

magnatehydrrdyrianrl- conve r s ion of t h e e x h a u s t 

plasma energy at modest e f f i c i e n c y would be 

adequate Cor the i n i t i a l m i s s i o n s . 

The b y c o n v e r s i o n o p t i o n i n v o l v e s s p e c i a l l y 

bred o r g a n i s e s c c i v e r t i n g s u n l i q h t to X power, 

presumably ;n an a s t e r o i d a l or lunar envi ronment 

near 1 AU from the-- sun . The main expense beyond 

r e sea r ch and development of the b i o l o g i c a l system 

would be p r e p a r i i ^ the 10- km /̂GW of s u b s t r a t e 

needed (assur-irv: 14 p h c t c e l r . c t r i c c o n v e r s i o n 

e f f i c i e n c y ) fo- j i -w th of the s y s t e n . Although 

U\c b io log ic.il t.-rigine^r ir>g problems would be 

l o rmidob l e , i - i s unsafe u.o assume t h a t they w i l l 

not be s i l ve r : w;t! . in the- nex t 10G-200 y e a r s . 

A t h i r d r .ciuti .-n would be p h y s i c a l c o n v e r s i o n 

of s o l a r pawc-r, p e s s i b l y by p h o t o e l e c t r i c c e l l s o r 

a hea t 2 , 3 : no placed in n e a r - s c i a r o r b i t to reduce 

the requ i red a rea cf t he c o l l e c t o r s . 

S u r p r i s i n j l y , t he ' - ^ of r o t a t i o n a l energy from 

s o l a r s a i l s r.:ar.t=-d en 'w indmi l l s* near t h e sun 

mi^hi. a l s o be .* p o s s i b i l i t y i f s u f f i c i e n t l y 

s t r o n g , l i e : t v ; i n ! , t , i . c .T^ ra tu rc r e s i s t a n t s a i l 

m a t e r i a l and supp-. r t s arc deve loped . 

4. ' PLILKT W.iA'* VKLOCTTY DISPERSION 

The problems involved in c o r r e c t i n g the v e l o c i t y 

d i s p o r s i o n of 3 wil l e t s t ream have been o u t l i n e d 

by Chi 1 ten e^. « ! . , 112] . The f i n a l v e l o c i t y 

d i s p e r s i o n i s de te rmined by the accuracy w i th 

which p o s i t i o n an-:: t i m e - o f - f l igh t measurements can 

be made. A s e r i e s of cou r se c o r r e c t i o n s t a t i o n s 

would be l oca t ed r;.:wn range frcm the l auncher a long 

the p e l l e t s t r e a m . Each s t a t i o n would b e . Cor 

example, t h r e e t i n e s f a r t h e r downrange and produce 

o n e - t h i r d ai:> m.ch v e l o c i t y ad jus tmen t . The 

c o u r s e r ad jus tmen t s could be made 

e l e c t r o m a g n e t i c a l . y c r e l e c t r o s t a t i c a l l y , and the 

f i n e s t adjustment: ; might be made remote ly by l i g h t 

p r e s s u r e from a h igh p. zr l a s e r or by i n t e r a c t i o n 

with a plasma gun or n e u t r a l atom s t r e a m . I t 

s u f f i c e s h e r e t o c o n s i d e r t h e l i m i t a t i o n s on the 

f i n e s t v e l o c i t y a d j u s t m e n t . 

The v e l o c i t y d i s p e r s i o n of t h e p e l l e t s t r eam in 

t he d i r e c t i o n s t r a n s v e r s e t o t he s t r e a m flow can 

be measured to -10*9 m/s u s ing a f l y i n g - s p c t 

d e t e c t o r t o measure t h e p e l l e t p o s i t i o n to 1 m 

and us ing a d r i f t b a s e l i n e of 10(S R . The 

l o n g i t u d i n a i ' d i s p e r s i o n i s m e a s u r a b l e to ~ 1 0 - ^ ~</s 

by c a l c u l a t i n g t h e t i m e - o f - f l i g h t along t h i s 

b a s e l i n e (>0.01 s) and t h e l e n g t h of t he b a s e l i n e , 

us ing a l a s e r t r a n s p o n d e r and a tomic c l o c k s . 1 h : s 

in format ion i s then r e l a y e d f u r t h e r downrange to 

remote d e v i c e s which , for example , app ly l i g h t 

p r e s s u r e producing 10" - ' 3 (+ 10%) m/s^ a c c e l e r a t i o n 

for 1 0 " 5 s in t h e t r a n s v e r s e d i r e c t i o n and f : r 

10"-* s in t he l o n g i t u d i n a l d i r e c t i o n . Mere 

a c c u r a t e c o n t r o l cf t he v e l o c i t y d i s p e r s i o n may t e 

p o s s i b l e wi th a longer b a s e l i n e , b u t t h i s i s 

u n l i k e l y to be u s e f u l . I t may be d e s i r a b l e t r 

<epcat t h i s C O J I imatior. of t h e v e l o c i t y d i s p e r s i c r . 

of t he p e l l e t s t r eam a t i n t e r v a l s along the 

p e l l e t - s t r e a m f l i g h t p a t h , a s d i s c u s s e d in mere 

d e t a i l below. 

5 . IKTERSTELIAR MEDIUM 

The p e l l e t s t ream w i l l undergo d i s p e r s i o n i n the 

i n t e r s t e l l a r medium due t o e n c o u n t e r s wi th 

i n t e r s t e l l a r g r a i n s and g a s and due to 

f l u c t u a t i o n s in t he g r a v i t a t i o n a l p o t e n t i a l , 

r a d i a t i o n p r e s s u r e , and magne t i c f i e l d s . 

I n t e r s t e l l a r g r a i n s appear to pose t he wor s t 

problem and p lace a lower l i m i t on t he mass of t he 

p e l l e t s in the s t r e a m . V a r i a t i o n s in the 

i n t e r s t e l l a r gas d rag and o t h e r sma l l f o r c e s may 

i n t r o d u c e seme long wavelength modu la t i on on the 

flow of the p e l l e t s t r e a m , b u t seem u n l i k e l y t o 

va ry s i g n i f i c a n t l y from one p e l l e t t o t he n e x t i f 

t he average p e l l e t s e p a r a t i o n i s s u f f i c i e n t l y 

smal l (e_.g_. < 106 km) . 

The l o c a l i n t e r s t e l l a r g r a i n d e n s i t y i s 

p robab ly w i t h i n an o r d e r of magni tude of 10"" 2^ 

kg/m3 f w j . th a t y p i c a l g r a i n mass of p e r h a p s nu ~ 

10~!6 kg | 1 3 ] . The d i s p e r s i o n due t o g r a i n s 

bouncing e l a s t i c a l l y off the s t r eam p e l l e t s - i s 

t r i v i a l . However, i t seems l i k e l y t h a t c o l l i s i o n s 

wi th g r a i n s w i l l c ause some v a p o r i z a t i o n and 

e r o s i o n of the p r o j e c t i l e s . With each e n c o u n t e r . 
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escaping gas win impart a reactive velocity 
increment 

Av = (n m 9 v s > 2 ) / ( m s ( 2 H s ) J / 2 ) ) , (11) 

where Hs i s the la tent heat ot sublimation (6xl0 7 

JAg for a graphite surface! and n i s the fraction 
of absorbed energy carried away by the gas 
escaping with specific energy H g. Using Martin's 
application 113] o£ Powell's formula [14] gives n 
~ 2xl0" 3 and thus ,v ; 10" 6 (Vs/c) 2 /m s where % i s 
the mass of a strt-ar pel let in kg-

l£ the stream pel le ts have a density of about 
300D kg/nA, then the displacement caused by the 
above velocity increments ;,v can be shown by a 
dimensionlcss analysis of the relevant diffusion 
equation to be 

&1 - 20 l i y

: j / 2 < v s / c > / m s

2 / ' 3 »™> , 112) 

where 1- is the distance travelled by the pe l le t 
in l ight years anl m i s the mass of the stream 
pel le ts in f:g, ana we have" assumed 10~9 grainVm^. 
Evidently, for pe l le ts t ravell ing over fractions 
of a light-yei.r, the dispersion i s not 
unreasonable for cram to kilogram pe l l e t s but may 
be inconveniently large for pe l le ts much l ighter 
than a qram. :t should bo noted that th i s 
estimate of .'•! may be an crtJer cf magnitude or 
more too low if the grains are mere abundant or if 
they are s iqni f ic .n t iy nonuniform i., s i ze . On the 
other hand, ,',1 may be an order of magnitude or 
more lower if wi have overestimated the grain 
matter deasity or the erosion efficiency r . 

It may be possible to reduce the dispersion ul 
by creating a honeycomb surface on the stream 
pe l le t s to retard gas escape and thereby decrease 
n. Alternatively, if r, is unavoidably ra'-ge not 
only for grains but also for in t e r s t e l l a r gas 
atoms impinging on the probe, then the steady gas 
drag might be u:.ed to orient projectile-shaped 
pe l le t s to minimize the area swept out by the 
pro jec t i les . Both of these options may place 
limitations on the acceleration which can bo 
tolerated at launch, however, because they require 
highly structured pro jec t i l es . 

6. INTERCEPTING TOE STREW 

Focusing the pe l l e t stream onto the probe 
propulsion device i s complicated by the large 
re la t ive veloci ty of the stream and probe and by 
the apparent impossibil i ty of t r a i l i n g my device 
more than a few hundred kilometers behind the 
probe. Four possible solut ions are suggested. 

F i r s t , a s e r i e s of 102 o r m c e pe i le t 
col l imators , which l imit the dispers ion of the 
pel le t stream to a few meters, could be 
prelaunched or shed from the probe. These 
collimators would function in a manner similar to 
the i n i t i a l veloci ty dispersion corrector , 
discussed above in Section 4. Second, the probe 
could detect the incomirrg pe l l e t s usijg i t s 
communicaLions antenna as a radar, ar.d accurately 
f i re microprojecti les a t the incoming stream 
pe l l e t s to deflect them onto the desired 
t r a j ec to r i e s . Third, the r e l a t i ve velocity of the 
stream and probe could be reduced a r b i t r a r i l y {at 
the expense of higher pel let-s tream launcher 
power), so that the probe could ei ther drag a 
course correction device o" even move into the 
path of each streaifl p e l l e t . Fourth, the 
acceleration phase of tfte mission couid take place 
over a fraction of a l igh t yea- (again a t the 
expense of higher pellet-stream launcher powe^;. 
This finc-i option ,iot only reduces the dispersion 
of the incoming stream b'.t also frrt'S the stream 
launcher for other missions. 

7. PROBE PROPULfION UNIT 

The purpose of the propulsion unit is to reflect 
incoming streain pe l l e t s while producing a minimum 
amount of energy d iss ipa t ion . Two methods are 
considered. For both methods, the incoming 
pe l l e t s are assumed to be focused to arbi t rary 
accuracy by the course correct ion systems 
discussed above. 

One possible r r . pulsion uni t would rebound the 
stream pe l l e t s with a high efficiency 
electromagnetic mass dr iver . However, the energy 
storage reguired {/t.5xl(!14 J/kg for v r / c = 0.1) 
nay be prohibi t ive unless the stream pe l l e t s are 
very small. 
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170 tcnr.o. For a jiven nir ' .-r perfii^.v.-e, the rcth.-ss. 

only para-c-t-j- of th i re l : s t e j ;n Tab;-,- 1 vr.:.?h 

depends en the laser wavelength ', is the J ia -e t^r 

of the t»n«ar s . j r ce . ?.:e ca-» ch--&:-n (• = 1'.:.: >-., 9.1.3 Fj . i ; .» Rocket 

source dia-.eter = ICO t- j i l l icit r<v.-53 the 

rasnitixie cf the optical erfiince'-intf f.V.Ier,. The SacJalas nis>ion parameters are reproduced in 

Significant •"-::•• jver:ent3 at shorten wavele-jirhs Toii'c ] ia- cc«::o-is-.r, with 'he pellet-strca-i and 

are unlikely, cue to ins^-isus m the i . ; r . i . la:w r-.issicnt;. Tlie pass anvi specific p » r of 



d i v * 

OJCf 

Thy liiwa*- uiin-.>nGi.-n ~>i the p e l l e t stroAT launcr-.o' 
is v ("•*".' '. •if.je, especial iy if lov ^ccele^at i :-r, 
!U>-3 i - ID~: tfg'av) is used. However, t:x> 
pel iet-r.; >-".'j;n launche- can be constructed 
modul^i j- _r r e l a t i v e l y simple components, unlikt-
a fur. i jn eng inc. And i t does not require the 
extreme * \i Mncos (better than one p a r t in 10-'*; 
•-f tr.t- :.::-.-•»- op t i c s . A more careful ccffparisrn of 
tf-.f cf i -rt requi red tc contruct a prac t icable 
•. er.si-'ii of each propulsion engine uould 
rtevff-thelt.-ss be d e s i r a b l e . 

pr . ;pu .S l -T . , &. 3 Summary 

(XT ti.ru1,."!'', '•* - v 
react J T*. ch^;i»" 
i;. t b ' pvHft-i.fr 
that t.V- ^etioi : n: 
neutrons *iii :;. •I'-i 
pell-it with a !•• 
(!) . Any dc-jovJu 
would l>e di ..i '.\' 
scheme, hut n.-r -

ruf^ i n 

• •'.'•' L;'.1 r.*. T V-i ' --."it t h e Ul'>d.l ! UH 

-. .". i Le «:..K-rit i a l ly •"• iuival-nt 
.ir int.t,r^.*fj-t i -r. r*;.v :.*•' c-xcept 
in the I>:i.j;5nlu'; j v l l n t s produce 
j.,su:-,f-u to be reab:^ort:(_xJ in the 
o u * of cno po>-t in I 0 1 4 [11] 
: r: in the ;-"l let performance 
us i^r the fusion propyl r. ion 
r 'cei.^'-ily of major importance 

for p^lJet-stream propulsion. 

To suiLTjrize the comparison of propulsion systems 
for rapid i n t e r s t e l l a r travel, pel let-s trea-n 
p r opuls i jn offers one to two orders of. magnitude 
improvement over a fusion rocket in terms of 
prcpulsion system mass, react ion mass 
f GOft i r eraent s , and pave r consumft ion, Fw the r 
advantages are r eusab i l i t y of the primary power 
system and probably l e s s exot ic engineering 
requirements. With respect to l a se r propulsion, 
the pel le t -s t ream approach probably requires much 
less exacting engineering in the local power 
source. If the p e l l e t stream can be accurately 

http://ti.ru1,.%22!''
http://pvHft-i.fr
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r T ^ e J 

"Hie l e r t r - s t c . 1 i-r» 

s e l f~ci . .ns;ster . : -.et 

f c a 13v. y r . . . , . . i_ 

k i n e r - a t i c : o ' . ; - - . - - 1 ' : • • 

wi th a x -n F . : . '.. ?:rirt- the :nass o J: t no i-'" ,Le 

i s nc l i n g e r j f ' t ' ^ : r . t - J by t he ^ i n i - t c r s : r r .f an 

igni te . '* f j : ; ; :. t*>;:r.f, i t han bvun a:;.-;une-.; t h a t a 

s n a l l e r u ' ,t-o r..•.'•..- .•; I-1 t .r .r.o i s .-.I '. *,,*A-V: by p r ^ t » ' 

min ia t u« - i r - i t i . n a: ; t h e j s e .•: v e r y '..if.jf ."! i t a 

r e c e p t i o n a:;t<-.•..;. m t h e l o l a ' ; - y ; r - ^ . I t i s 

a l s o a s ^ . ' - o J t:.-.t t*A.- p a ^ t i c i v M r>\c-- \>^.\v\.-- a r e 

d i s p e r sed i n t - suhf- ' l l e t s IJ:I- r t l y b e i . r e 

e n c o u n t e r i n g t n e proDe ( i n or . ior tj- o : : t a i n a 

S f l ^ U i power i i - j j ^n t h e p T p u l s i on u n . ! ; , .in J 

t h a t i n t e r s t e l l a r J i . s p e r s : o n ^ : the. pellet .-? i s 

g i v e n by Eg; . (11) . ( I t t h e s e c o n d i t i o n s -iv. not 

h o l d , t h e n r\. r^ pel let-fat*^,1:- . - o l l : ~ a t . r* m y ;>t-

r e q u i r c - J . ; The m-.^e <i:odesf a : v l e r a t 3 -.n "-f eh 3 

Mg r av assumed f. r t.ne pe l l e t laur.cht- ' ; r o e s a 

v e r y l o n g l a u n c h c - sys tem ; . :0i : f 0e, . ^ T ; , c u t t n e 

c v e r a l l c o s t ^f t h e s y s t o n w i l l not ho 

u n r e a s o n a b l e f- r a m o d e r a t e l y ' level: . ped s p a c e 

m a n u f a c t u r i n g ind.j:;t*-y if t he •-. s i s for rsass 

p r o d u c t i o n and a s sembly j f t h e h r n o h c components 

a r e not g r e a t l y in e x c e l s ..; 1 i»o r:. rr>---3 r p e r k.~ . 

Tne . t h e r t e c h n o l o g i c a l r ^ g ' : i r^ne^r -.- f,.,r tho 

low pe r fo rmance m i s s i o n a r e c . n.. hie--ably 1 e s s 

d a n a n d i n g than for t h e h i g h p- r; orria.nc" mis . , i ~is 

i n T a b l e 1 . I t a p p e a l s t h a t a l l >l tr.r-

t e c h n o l o g i c a l demands may ho r e a s o n a b l e . F c 

e x a m p l e , t h e 3 .8 GW o I power regu i red f v r Uie 

p e l l e t l a u n c h e r cou ld be p rov ided by a s i n g l e 

s o l a r power s a t e l l i t e s t a t i o n , a;V a 10% 

a b s o r p t i o n of t h e 100 kWAg i n c i d e n t on t h e p r o b e 

c o u l d be r e r a d i a t i - d a t 400 °K by a 0 .015 mn t l i i ck 

f o i l c o n t a i n i n g ! r;% of! t h e p i -cpuls ion s y j t t m m a s s . 

The maximum a c c e l e r a t i o n e x p e i o n c e d by t h e p r o b e 

( a v e r a g e d over t h e t ime needed t o i n t e r c e p t a 

s m a l l nunber of p e l l e t s ) i s l o s s t h a n one 

m i l l i g r a v i t y . 

No i t t ' - i ' f t '..i-i N*.-n n.Lfcle h c e t o o p t i m i z e t h e 
pt^l i*'t -r.f-t-.i: ' r ;s L - . i , -n kintjTOat i . : s . Such 

opt i : i .\ir i p. shv u l i ;il low " • - l a x n t i o n of t h e 

m i s s i i. r r , : j i ' - a r ,e : - , t r i by a i=nall I . i c t o r . For 

exar-.j ' l", i t t!io p o l l e r v e l o c i t y n> •"ill^wiM t o va- . 

over t h e ^ : ' r , ; o n , the-i : h o max in tin r e q i J i r e J p . 1 ' ^ 

to-- a : j iven :'-:^:ii..it w i l l L^ . .;Tial]er. 

U if. i-.'vn cjrv-'Oi'.-^bio t h a t t u l iy j p t i m i zed 

pel l«'t- :.' r f,i.-i •;ysL<*:; c . u l d a l s o i n c o r p r o t e l a s e r 

p r . - p e l . . : n .. • on -OOA' J t u n i ^ r i . hx K ' t i j n n a s u 

•oovi. : 1 e T*ans t e r T e<5 t h r ^ ^ h t h e p- .- l let s t r e a m t o 

a 1,5-i""-dn v t n s y s t e m , o ^ I'uel a r x i ' ^ r r e a c t i o n 

nia:;s c.-u;,.i :.»• t r t t n s t e * red t o a fus i - n r o c k e t * 

l i t i s 1 "i! t*-"* j ^ n c o f t W : J ! ] o b v i a t e trn~ need fo r 

."iocelc-a* u>n . 1 ' m a s s i v e *,;n-tx>arj s t j ' e v . of r o c k e t 

i ' ou l . Tt w.-Lild a l s o a l l o w c o l l e c t i o n of t h e 

p e l l e t s t ' u ^ a t low r e l a t i v e v e l o c i t y , 
r u p r «.,cntirKj .>:: unp-'ovts'iient _'VOf t h e r e c e n t 

p r o p j i o l s ^f .-.pre.iriiri-j f u s i o n fuc p e l l e t s in t h e 

p a t h •-! a l a s e r p r o p e l l e d [7J f u s i o n r o c k e t 

[151 a s an ' a c c e l e r a t i o n runway '* 

1 1 . I'-ANNl-p TRAVEL 

Both l a s e r a r d pu^e r o c k e t p r o p u l s i o n ' tnay b e 

1 itr.ited t o f i yby m i s s i o n s i f t h e i n t e r s t * i l l a r 

f l i g h t t i m e :-- t o he - 5 0 y r . If i t i s i n s t e a d 

d e s i r e J t o a r r i v e a t d e s t i n a t i o n w i t h n e g l i g i b l e 

v e l o c i t y , l a s e r p r o p u l J ; i o n w>Mjld r e q u i r e o n - b o a r d 

r e a c t I;JFI m^s j r^nd a lar.^o. h i iprovanent in r a n g e 

ovn-- t h a t d i s c u s s e c aDove. Nuc l ea r r o c k e t 

p r o p u l s i o n wotild r e q u i r e v a s t f u e l s u p p l i e s (e_.<£-

-1 ()4 tonnc.v payL: .ad- t jruv tzr Q a e d a l u s ) . I f one 

f u r t h e r r r . i ] I J . J S t h a t t h e o n l y s o l u t i o n t o manned 

i nt (_"•.: f>] l a r t r a v e l w i t h i n r e a c h of o u r 

{adrnitci-dly r u d i m e n t a r y ) b i o l o g i c a l t e c h n o l o g y i s 

t h e n a . . s i v o i n t e r s t e l l a r ark [ 1 6 ] , t h e n t h e 

r e q u i rt-.^ents for r a p i d manned i n t e r s t e l l a r t r a v e l 

becirtTie t r u l y a s t r o n o m i c a l , . 

With p e l l e t - s t r e a m t e c h n o l o g y , a number of 

p o s s i b l e s o l u t i o n s a r e a v a i l a b l e which c o u l d 

reqii i re much more modes t improven\ents on f i y b y 

t e c h n o l o g y . In o r d e r o f i n c r e a s i n g ' p u r i t y 1 of 

t h e pM i e t - s t r e a m a p p r o a c h , t h e s e a r e ( i ) r emote 

f u e l i ng of a n u c l e a r r o c k e t p r j o r t o i t s 

d e c e l e r a t i o n ( i i j r e m o t e f u e l i n g d u r i n g 



deceleration (i i i? parti..1 deceleration with a 
slow, prepunched, pel le t sr.re.Ti, t\il„wvd by 
remote fueling of a deceleration rocket (ivj 
co 11 i s i on.11 dece 1 erj 11 :r. ur>i:ij .1 _1_^ v ,-*l: c: t y 
pellet stream launched f'on the rierit i n.ir ion by a 
small advance crew or automaton and {v; 
deceleration on a pellet strea-i rebounded from a 
lead snip. Ii. each case, the acceleration phase 
would occur Ly the pel le t -s t 'earn methods discussed 

above. 
Considering the deceleration method.'; mentioned 

above, fueling jv;r>r to doc*.1: era t ; r; r.>i.:Id • ^ ~::r 
with low relat ive i/eloc:;y bt.'tve-en t r r : ,••". s t a w 
and the rocket. 11 us is the r.or-i cnreptu-V;. ly 
straightforward pr.pcsai zm would itr.e-li 
represent an on:nr.:urj improvement :ver pin- rcck.-t 
technology. On the ether hind, the *v! -. :nd 
concept would avoid nuclear '-.CM-LS alt>.<- ' h-^ hut 
demand an expandable, hi ;h~p--ver-dt/n<u" _. Jt.-vjco *. 
accurately reflect a pel let r.i-'t-aTi toj,:k toward the 
manned vessel. Of. course, once the ' i n t e r s t e l l a r 
highway' has been traversed, then a p*_'llct-st rea™ 
launcher can he constructed al the 0ther end f or 
relat ively easy two-way travel i if t h " e is any 
motivation to do "•>. 

studies of in t e r s t e l l a r propulsl r: fr^Ti the real."i 
of an 'existence p-oof into a realm where mce 
detailed designs will suggest a useful direction 
for the development of advanced propulsion 
concepts fo.- local use. I t also suggests an 
additional rat ionale for a spaceoorne 
manufacturing capabi l i ty in earth orbi t [17,18], 

It should be noted that the high performance 
pellet-stream mission analyzed in Section 8 of 
th is pajjer borrows extensively from Daedalus 
techno! >jy. Given that th i s assumed technology 

;ray b-„- overly opt imis t ic , par t icu lar ly with 
f espoct '.'• the power densi ty in the on-bca r J 
P r cpelo:; n system, a more r e a l i s t i c low 
pe*- f .> rmancc pe 11e t-stream miss ien, such as that 
outlined in Section 9, might in fact take 5 
centu'y or i:;ore. This would extend the timescdle 
for in te rs te l la r exploration, but the magnitude of 
the investment required should s t i 11 he 
considerdbly less than the solar-system-wide 
efl "'rt required even for a more conservative 
•Daedalus concept. 

12.? In te rs te l l a r Settlement 

1 2 • IMPL,/IC:ATTCX::; FOR jNTg-oT.-:i.iJe" rjf^ivi-

The pellet-stream propulsion o.:. --.; '. ha.-
considerable import for throe ram c ~..-f"ii:_. . t ar. 
area of research which hoc; r"-Ti cal lei 
In ters te l la r Studies [A], naiteiy : in'-f-^tei la-
exploration {i i; interstel la*- se t : . T -T." ar^ 1 i i i; 
the search lor excraterrestr ia l i.'.V-. '. : i-'r.c-r-. Wo 
consider these in turn. 

12.1 Inters te l lar Exploration 

The main thrust of th is paper has been to 
demonstrate that pellet-stream propulsion offers 
order of magnitude- improvements re la t ive to fusion 
rocket propulsion. While fusion rocket p-opulsion 
may be posible in several centuries in a 
solar-system-wide tv. .nomy, peliet-strea- . 
propulsion can p-obably be accomplished in the 
order of a century in a near-earth ( 'c is-1unar ' ) 
economy. That such a poss ib i l i ty exis ts may brirKj 

The ultimate motivation for i n t e r s t e l l a r 
exploration i s undoubtedly the dream of 
in te r s te l l a r settlement. I t can be argued that 
in te rs te l la r settlement would be a tremendous boon 
£o r human cultural d ivers i ty and may even be 
essential for the survival of our progeny on 
h is tor ica l ly -> paleoanthropologically significant 
timescales (101 -> 10 6 y r ) . Not only would a 
pel let-stream launcher provide a continuing 
fac i l i ty f: r launch irv; :~tco:-.belIar settlement, 
but the special advantage's of pellet-streams for 
deceleration would enormously f a c i l i t a t e manned 
settlement. In addition, the prior launching of 
pellet-stream collimators for i n t e r s t e l l a r probes 
•would provide a natural step-by-step path in 
establishing 'highways to the stars* and 
eliminating the technological and possibly the 
po l i t i ca l , psychological/ or sociological barriers 
in the way of manned i n t e r s t e l l a r exploration 
and/or settlement. Thus, the more clearly 
indontified path towards i n t e r s t e l l a r settlement 
offered by pellet-stream technology may help make 
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a primary -i iai of I n t e r s t e l l a r S u x i i e s a r e . - U t y 

i n t h e raind A con t enpo . a ry atan. 

12 .3 E x t r a t e r r e s t r i a l i n t e l l i g e n c e 

F i n a l l y , i t should be noted t h a t t he r e l a t i v e l y 

s t r a i g h t f o r w a r d path to the s t a r s o f f e r ed by 

p e l l e t - s t r e a m propu l s ion should a l s o be a v a i l a b l e 

t o any o t h e r cul tu re In t h e ga l axy which has 

exper imented wi th p h y s i c a l t e c h n o l o g y . T h i s l e n d s 

c redence to the s u g g e s t i o n t.-ierc i s u n l i k e l y to 

e x i s t a l a r g e number of t e c h n o l o g i c a l 

c i v i l i 2 a t i c n s ( e . g . > i o 3 ) uhich have a r i s e n 

independen t ly in the g a l a x y . I h i s i s because any 

one of t he se c i v i l i z a t i o n s could a t any po in t over 

m i l l i o n s of y e a r s have i n i t i a t e d i n t e r s t e l l a r 

s e t t l orient and spread throughout the g-ilaxy at a 

r a t e which i s p h y s i c a l l y l i m i t e d to no l e s s than 

about 1/10 of the speed of l i g h t . 

Note in p a r t i c u l a r t h a t p e l l e t - s t r e a m 

p ropu l s ion works b e s t w i t h i n t e r s t e l l a r s t ream 

c o l l i m a t o r s and with a s t a t i o n a t d e s t i n a t i o n t o 

launch r e a c t i o n mass for d e c e l e r a t i o n , 

p e l l e t - s t r e a m technology i s t h e r e f o r e p a r t i c u l a r l y -

s u i t e d to s h o r t t r i p s and permanent se t t l ement , of 

nearby s t e l l a r sys t ems , _Ke_. to a wave of 

i n t e r s t e l l a r s e t t l e m e n t which by a p r o c e s s 

ana loqous to n a t u r a l s e l e c t i o n could e v e n t u a l l y 

reach every n i che in t he g a l a x y , i n c l u d i n g our own 

s o l a r sys tem. The e x i s t e n c e of t h i s p o s s i b i l i t y 

may be in c o n t r a d i c t i o n t o t he absence of 

d e f i n i t i v e evidr;<ce of e x t r a t e r r e s t r i a l s in the 

s o l a r sys tem. One p o s s i b l e conc lus ion i s t h a t 

t e c h n o l o g i c a l c i v i l i z a t i o n s a r e r a r e (and 

t h e r e f o r e d i s t a n t ) or a r e e n t i r e l y absen t from the 

g a l a x y . Of c o u r s e , t h e p o s s i b i l i t y of 

p e l l e t - s t r e a m p r o p u l s i o n d o e s n e t d i r e c t l y impact 

a wide v a r i e t y of o t h e r e x p l a n a t i o n s ( c . f_. Hart 

[20]) for t h e absence of d e f i n i t i v e ev idence of 

e x t r a t e r r e s t r i a l s in t he s o l a r sys tem, bu t i t does 

render even more un t enab le t he o r i g i n a l 

e x p l a n a t i o n [21] t h a t i n t e r s t e l l a r t r a v e l i s 

e i t h e r t o o d i f f i c u l t or I m p o s s i b l e . 
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POSTSCRI FT 

An a n a l y s i s of an advanced p 'vpul -.ion concep t and 
i t s consoquon-os i s being c i f"cu" a ted in t he f .inn 
of the main t e x t of th:-; «-ep- *""- m tne e x p e c t a t i o n 
t h a t i t may prov ide inte"^-'Cir>j '•e-adi.^i for 3 
number 0 f m e n u ' s of t he ^ l o n t i t i c c.-fr.munity in 
g e n e r a l arid for fusion r e s o j r c h e r s who nay be 
p a r t i c u l a r l y irit^-vi-.ted in the uses of n igh 
technology in the L-ng - • - " • Al though t he 
a n a l y s i s p resen ted t h e r e i n O J J J ."-niy a l i t t l e t o 
uliat has a l r e a d y ueer. pisjoi i^r.ed -.in-.- J t p r o p u l s i o n 
us ing f jS j ;n .is .tn ono* ay s ^ ^ e t ? , s^rne of t he 
i s s u e s -*. i rh ,vc- discus.-.--d do have r e l e v a n c e t o 
t h e ic.ng tn'T. uses of J . T . V - ' l l'""̂ i fus ion . S ince 
t h i s s e r i e s of r e p o r t s g e n e r a l l y J e a l s wi th t o p i c s 
r e l a t e d to c o n t - o l l r j i-j--i -n, t he fol lowing 
cor-~ients have been acLied a£ ; P ' ^ t s c i p t to t h i s 
r e p o r t in cder *.;! ib--- rate ..:'• '•••• -.A^-JS winch may 
be r e l e v a n t to the events"* 1 £ate of fus ion 
r e s e a r c h . 

LONG TERM USES OF CONTROLLED FUSION 

Any d i s c u s s i o n of the p r a c t i c e ' uses of c o n t r o l l e d 
fus ion must con:, ider l^r.'j t : ~o ^cale.^.. F/ir 
example, p r e s e n t L'.S. i»p-!"L:-i-r.t of Energy P o l i c y 
assumes t h a t contr.- i l lud fusion ''••ill not c o n t r i b u t e 
the major f r a c t i o n of e l e c t r i c a l g e n e r a t i o n 
c a p a c i t y in t he U.S. u n t i l the m i d - 2 1 s t c e n t u r y 
LpU, A b r i e f r e t r o s p e c t i o n zi\ tJne s t a t e of 
i n d u s t r i a l t echnology a t t he beginning of t he ?.C-" 
c e n t u r y s u g g e s t s t h a t maj^r changes in o t .v . r 
f i e l d s nay occur on such a t ime s c a l e . I t 
t h e r e f o i e Dchooven us to taKe a wide p e r s p e c t i v e 
* e n co i . s ide r ing j u e s t i o n s r e l e v a n t t o t r e n d s in 
the deve lopnent of f u s i - n r e s e a r c h . The 
accompanying t e x t touches on two t o p i c s r e l e v a n t 
t o the even tua l f a t e of f i ' s ion t echno logy . 

The f i r s t t o p . c of i n t e r e s t i s a l t e r n a t i v e 
s o u r c e s of energy for t he long t e r n . With r e s p e c t 
to e l e c t r i c i t y g e n e r a t i o n , t>-- ^ ' ! - ' ' c o m p e t i t o r s of 
c o n t r o l l e d fusion a r e though- " bo s o l a r power 
o p t i o n s such as t and based stean i t e r a t o r s o r 
p h o t o v o l t a i c s . Given t h a t the.c;e sys tems a r e 
t y p i c a l l y an order of magnitude- m.^e expens ive 
than nuc1ea r p iwer op t i o n s , yr • ponents o f 
c o n t r o l l e d fus ion have of ten i o . p ; : : : t J y assiijr.ed 
t h a t r e a s o n a b l e s u c c e s s in tho c •;••,•'. led fus ion 
e f f o r t wjuld ma^e i t the p r i ; : j - v sou rce of 
e l e c t r i c a l power in t he ion"! *?'•' • .-" 1 • Such a 
conc lus ion may £>„• n a i v e , in t: -r. . t n e g l e c t s 
t e c h n o l o g i c a l developments wJi — :. r.-ve not ye t had 
any p r a c t i c a l r e a l i s a t i o n arid gained wide . •ubl ic 
n o t i c e , but which may be exp'-Cted to be impor tan t 
on a long t i n e scale. Such developments a r e 
b r i e f l y d i s c u s s e d in S e c t i o n 3.2 of the 
accompanying t e x t . 

One such development i s t ^ e c o n s t r u c t i o n of a 
Lac<3e s c a l e ^b^\iC5,-'-„v.T \ncj c a c ^ - t y \?i s p a c ^ . T h i s 
would a l low the c o n s t r u c t i o n of s o l a r power 
s t a t i o n s in an environment with v e r y low 
mechanical s t r e s s e s and a con t inuous s o u r c e of 
h igh i n t e n s i t y r a d i a t i v e energy f l ux , 'which cou ld 
r e s u l t in an o r d e r of magnitude improvenent in 
e f f i c i e n c y of e l e c t r i c i t y p roduc t ion [ p 3 j . From 
t h e p e r s p e c t i v e of 1979, t he l a r g e c a p i t a l 
inves tment regui red to c o n s t r u c t a space 
manufactur ing c a p a b i l i t y makes t h i s o p t i o n look 
ve ry u n a t t r a c t i v e is a near" term energy sou rce 
[ p 4 ] . However, looking bacKward from a c e n t u r y 
from now, one m i g h t f i nd t h a t a space 
manufac tur ing c a p a b i l i t y ha-3 e x i s t e d for some 

ot arvy f u"-". 

tim*-, p.-rr„ip-. f^ rr.i?: in:-, jr.•••i.;•-•-; t . - • > - f d r : : v 
gencr . i t ion [:•'.. <'.••' ' ' - ' - - • :-»":!.•, .--!•:'.:>.• in : : ": 
a c i ' c i r i j . t .n - . ' f L : V •• | l"> r \- '••'••' ••.•••..:'<• i t . i t , ;-•, 
would L--1 cor . (» t i tivi.; w:'.r , , . - \ - . r I,:M?T; _i_n t_te 
1 cr> 7 ty T . 

A secl-n-j •' n- ' . .•• ' ' -! '• :•:!: , •; \> ,_• •:<•.•<-\ • ̂ r>.r.l f 
b i o l o g i r a l t "<;hno! .-;y, - t i i ? f . r • . - •., 1.. • , ;r. .=1 r . to ; - -
c o n p a r a b U - t-j t.-..i: - 1 ' ;•'*"•>- IT J ' t . --hr.-.;: ,--iy i 
c e n t u r y ,i,-j > uti.;-., * ' •-•y.s':'.-•, • \ :,\;z:ww' :', 
e q u a t i o n s of f'.en.' -.-y.'-.^i :-::-i 'n.i-, '. *-L'Cv.ntI/ 
been forT.,-..i» t-. 1 ; - • "-. f. .__--F ;H -^ 
qui t e jc.isi:-*;" r:. :t t,i ; • : . - : . - ; . • • ;..-, . >y/ w: 11 
lead t.; th-j dc:..-• :t^.-:;i : _,\ • - , • / ; . - , - . v , 
p o s s i b l y s--i J -r-.•:-..: " -* : r

t : , L\\\ •.-. .np-jhlv : 
photic- oci. ' 1 . .- r :v. •" •'• =t .! :-. dt-".t ":, ,t 
a c c o p t a b i " •{':ic>.'r>-y. '1 wo.i. ; .-«•-t.iirl y 1-2 
foolha ' -Jy t . .;i ii"> : ' : t •"- ' ' • a d--../ :r-^\z C . J . J 

not occur wi^: i: ; a :;,-•:'-.:•'/, '•--: i t - u ; - :-.- —•-• 
s o o n e r . ( i t :•„':, j ' . J t - r ^ f > : -::-:* ::.• .- .•[ .-*.?—; : 

the r e q u i r e d tec:.:v.l -si^a". u.;".'-• -.- v/ : - ^._:- ;>ir . . -- i 
by forir.idap;!- r.a::.; rj :-> "J-*: . i :•-.-•• -p-.-r.t w, j " . : 
p r o v i d e a v ^ r y ;'-.••.''- -' ":••':'..• : • . -"- . t -ol"-- ; 
f u s i o n , and r G i j , ^ , . - : •_-- •'•:;^l .-.. -..;-.'- -,;-.-
s i g n i f icrinr ly z<-ar.. : '••> - '" ;-:»_'-.. r : - ; , : one«-^y 
u^-c-. 

A second t^p : : : ',.:.i~:-. r:>.-.' i.o ' • ! -vjr.t t.- the 
long t e r n LI.-..I-»_ , : -. • " ' It.-.: • -. :•-- •-.::--;. 1 
p r o p u l s i o n . TiiO' •• :/. •••'• -:>:t"-r.:u ,•--, .:" - . rat : •""••-:, 
1 i te-Vitu' t- :n t ••-: .:. r -<••*•--• [;:•'-,. : v -. 1 3 i..-..' r . 
assirie-:] tha i fu.;: r v - j l ' i i : i t ; :~T*.;y b,- . . - . - : :-, 
t he most 3dvan.-i>-d ;•-* "'•••'•'-: ' ">n s y t-
U b e r a t e s t h e hiaL^_t- en^'-.^y deiuif. 
f ? r wriich any r 0 l l l t t « i y L•=.!.: iwlv p* 
has been pr J.DOL-.L^ . Than , even 
fusion were no t to b^'-*''- '• t;.t. f-.-.T 
an inexhauM-ibl f ?.-^-o^ . : -_ r.or-,:y : 
g e n c a t i o n , int- ' i r ._ r ^ ;-, . - T . * ' . - > ; ;. 
advanced p*-or-ui s . on ^y:: t '^:-: -. :g r •;. 
main t h r u s t of tr.e ace 'VLv-.i vi:> 1 ;.. 
t h a t t h i s i s not t he t'^.-.e. . ' n r t -
t h a t t he enormous p r"•:: l ^ s 
c r e a t i n g a u s e f u l l y "f: • ;h pvwor 
c o n t r o l 1 cd f us i or. *• :-c-:<-1 ran t o 
s imple exped ien t of l;:cat:i.-:; the p - . 
the e a r t h or sun r J:; J f •".:".-'f'^-ring , 
p r . -pu l s ien unic through -i j ' : r r . i ? . L-.' 
p e l l e t s . 

The u p , ' . - : of a l l .if of «-|-
po-siXictivt. ' on t he \ -n 1 ':•..••-:•: 1.- .; 
f u s ion . On the en*'- h,\;\] i t 
( p r o b a b l e , in the J.^'-\.''^ 
t e c h n o l o g i e s ws:i:-h have not yc* b-o--
bec inc c o m p e t i t i v e u i t h c n t ' - l l ^ i 
t ime s c a l e -; f 3 ccn f - J r y , pc-'-i. ipj 
o t h e r hanrl, i t ar.p g r s t h a t o t h c 
b e s i d e s el t.-rt •- ic • t y ..;ener-:ti on -.:.-
longer ter;n ! j t u r : : :\.r c-•r.tro-J If-d i .j 
not to inp iy t h i t che--- a>-.-> 
f u t u r e a p p l i c a t i o n s of fcrio.n r-.-,,, 
c o n t r a r y , i f pre: ;ent ^xpecta t ior . . -
\COSY.^ and i-ndi-ect. > e n v i r o n n e - t a - } econonic 
consequences of e x t r a c t ! r>g inc reas ing ; - . ' 

i n t r a c t a b l e f-T.-.i: or f i s s i l e fuel r e s e r v e s a r e 
c o r r e c t , t he : -:.:nt rol lod f-jsion rr..iy pio,y a c r u c i a l 
r o i e in t h e energy ccxno-rr.y of the ? j s t c e n t u r y . 
But t h i s w i l l r e q u i r e develop-.en^ which D ^ . T O ^ : ; 
in a t i m e l y fashion a:>i add^^-sses p r . - ^ ^ , ^ c n t i _, . 
r e l e v a n t t i r r .osca le . Ttie fun ion cok'nuiiity can no t 
a f fo rd t o be s t a r r y eyed aoout a m i i l e n i a l energy 
economy wtiich w i l l :v:ver e x i s t , or to iqn.-re 
t e c h n o l o g i c a l devo io j i -^n t s in see:-;.] rvjly u r r - e i a t c i 
f i e l d s in t h e c.-^placent s u r i t y t h a t fusion i s t he 
long term s o l u t i o n t--> Che or.e-'gy p - o b l a n . If such 
a narrow p e r s p e c t i v e i s t a k e n , then m i s t a k e s nay 
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•xt i s to: crvo 
iJ , i t appear 
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be made; a wider perpec t ive may h e l p fusion to 
f ind a s u i t a b l e ro l e omonqst fu ture enerqy 
sou rces . 
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