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"Light," Potter satd firmly,

"Light saill!" Rod shouted in.sudden realization. "Good
thinking." The wnole bridge cerew turned.to look at the
Captain. "Renner! Did you say the intruder is moving faster
than 1t ought to be?"

"Yes, sir," Renner answered from his station across the
bridge. "If it was Llaunched from a habitable world aireling
the Mote.," _

"Could i1t have used a battery of laser. cannon?"

"Sure, why not?" Renner wheeled over. "In fazt, you ecould
launeh with a small battery, then add more cannon as the veht-
cle got farther and farther away. You gét a terrific advan-
tage that way.. If one on the cannon breaks-down you've got it
right there in your system to repatr 1t."

"Like -.leaving your motor home," Pottér cried, "and you still
able to use tt."-

"Well, there are effictency problems. Depending on how
tight the beam can be held," Renner answered. "Pity you
couidn't.use it for braking, too. .Have you any reason to be-
lieve=-"

Rod left them telling the Sailing Master about the variations
in the Mote. For himself, he didn'*t parvticularly cave. .His
problem was, what would the intruder do now?

It was twenty hours to rendezvous .when Renner came to Blaine's.
post and asked to use the Captain's screens. The man appar-
ently could not talk without a view screen connected to a
computer. He would be mute with only his voice.

"Captain, look," he satid, and threw a plot of the local
stellar region on the screen. '"The intruder came from here.
Whoever .launched it fired a laser cannoun, or a set of laser
cannon-probably a whole mess of them on asteroids, with mirrors
to focus. them-for about forty-five years, so the intruder would .
have a beam to travel on. The beam and the intruder both came
stratght in from the Mote."

From, “"The Mote in God's Eye"" 3
by Larry Nivéen and Jerry Pournelle
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- I. INTROPUCTION

Although the concept of interstellar travel has. tantal-
ized the imagination of many a scientist and science fiction
afficionado, it has not fared very well when subjected to
quantititive scrutiny. A few ¢érious ideas have been pro-
posed.which may lie within both the realm of known physics

and the range of possible technology. _There is no denying,

however, that the task of. sending a probe even to the neéar-

ast stars will be supremely difficult.

To establish a.historical.context, it is: intéresting to
consider twa previous ideas for.interstellar probes which
have been proposed as marginally feasible within the next
half-century or so. In 1962, Spencer and Jaffel of JPL
pointed out that the same advantages.which accrue from
using multiple stages for chemical rockets can. be .usefully
exp1oited,in.rockets—prOpé11ed by thermonuclear fusion.
Even_though_-the mass ratio (and, presumably, the cost.)-
would bé._very large, they reached._the important conclusion
that a five stage_fusion rocket could send a one-way probe

to Alpha Centauri in less than ten years. Numerous.other

interesting possibilities aré raised by the Spencer and Jaffe

paper, which should have attracted wider attention than it did,
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Later, in 1968, Freeman Dysong.exam1ned the.use of nuclear
explosions for propelling énormous starships similar. in concept.
to the .Orion ships studied in some detail .(c. $10,000,000) by
the Départment.of Defense in the early 1960's. He found ihat .
3 X 105.0ne-megat0n nuclear devices exploded at the focus .of an

enormous paraboloid could propel a ¢raft weighing some 105tons
at an.optium mean mission velocity of 10,000 Km/sec. Thus

voyages lasting a few. centuries.. It has_been._argued that such .
an expedition ¢could follow.naturally from the space colony
COncepts now being considered . . Dyson pointed out_the im-.
portant result that good energy efficiency (& > 50%) is ob-
tainable with a single-stage ship and.a reasonably small
mass ratio (R < 4) provided that the mission .velocity V is.
significantly less than the maximal exhaust velocity U (say
V < 30/4), This conclusion is universally applicable; .and,
of course, it 1mp]ie§ the need for the maximum .possibleé
exhaust velocity. Ideally the most efficient possible ex-
haust.product would thus bé photons, for which U = ¢, where

¢ is the speed of light.

Although photon propelled "rockets" have been discussed
for somé years, their exploitation probably would depend
upon the efficiént harnessing of matter/anti-matter annihi-
Tation. It seéms safe to assume that this accomplishment

1ies far in the future. Another idéa for photon propulsion
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'has latély evolved, however, which may not be quite so

fantastic, This.is . the.concéept of launching comparatively
light-weight Yight sail probes to nearly relativistic velo-
cities using enormous lasers in ¢islunar _$pace. This would
permit most of the capital hardware to remain near to the
earth, where it could be frequently reused or perhaps em-
ployed for other projects, thus relieving many of the cost

constraints... .

To our best knowledge, the proposal that high energy
Tasers (hereafter sometimes called HELS) might be used to
propel Tight sails was originated in the science fiction
novel, "The Mote in God's Eye"sf Upon reading that story,
the son of..one of the authors of the present paper requested
verification that such a propulsion . scheme is possible.*

This query led to the work reported here.

It has been only three years since Gerald.0'Nielld
proposed the construction of enormous colonies an space.
Now. this project is widely regarded .as. being not only
feasible but probable on . a time scale.of-a few decades.

The présént authors and their colleagues at W. J. Schafer

Associates have. shown. that lasers may play a key roleé.in the

construction of such space coloniés becausée -of the économies
which ¢an result from.using lasers to propéel rockets using

hydrogén as a reaction mass. In fact, it can.be shown that

* Richard Rather -- private communication
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Gigawatt (109watt) HELS can .deliver millions of tons of
material from the earth's surface to_high orbit more effi-
¢iently than any other means now being contemplated, . Hence
one “"dedicated Grand Coulee Dam" could power the laser system

which could build the space colony.

In a future where laser propulsion and huge space colonies
become commonplace, it will not be unthinkable to step up to
projects such as the laser propelled light sail. It is even
possible that laser-light sails could provide a key 1ink in.
colonizing the solar system because of greatly reduced travel
times and payload limitations. Beyond the solar system, the
need'for interstellar probes will be guided by the findings of
astronomy and the.S.E.T.I. /Search for Extraterréstrial In-
telligence) programs over the.next two or three decades. We
shall outline .in this paper some possibilities for such missions.
It will be shown that the laser 1ight sail concept is probably

feasible for._.one-way fly-by probe missions, provided that

certain key technological advances can be achieved.




N ‘ ' I1. RULES OF THE GAME
5

To debate -the .possibie efficacy of lasers for 1ight.sail

] propulsion we must probé wel] beyond the bounds of present

J technology. It is. possible, however, to make some predic-

e ST

tions of those technological facets of the conceptual design_

that will be most tractable and those that .will not. Accord-

ingly, in this section we will attempt to set some reason-.

able boundaries for the_proposed system before beginning our ;
i
evaluation..

A. The Sail

An obvious point of departure is the characterization.

of the sail itself. A .strong upper . limit aon the capa-

i' j T bilities. of the sail is set by the need for it to survive
k the very intense photon flux which must impinge upon its !

f
jﬁjf shiny surface continuously for.a year or more. Regard- )
x|

less of what mateérial.i$ chosen for the sail,

it must be

able to transfer all absorbed energy from the back of the

ey

sail (the side being irradiated) to the-front side, where

; it can be radiated .away to space. Hence the thermal diff-
|

- usion time must be short, and the thermal loading must not

exceed..the damage threshold 0f the material. To minimize ?
absorption, .the back side will be. coated with materials

which are_as_reflective as possible at the wavelength of
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the. laser, hopefully approaching 99% reflectivity., The
front §ide will.be black to provide_maximum radiative
cooling. The hedt loading problem may be described as

follows:

The time,At , required .for heat absorbed at the_back
sidé of the sail to reach the front side is governed by.
the thermal diffusion constant, K, of the material. For

a sail of thickness Ax, the relationship is

(Ax) "= 4KAt -
. ats (X7
or R 1\ (1)
Materials of thickness 0.1 mil (i.e. 2.54pm)and having
typical thermal diffusion constants K= .10 cmn/second.

G
give values of At & x 10 Seconds, .This means that the

heat is. transferred almost instantaneously to the front
ofthe sail. Hence the.key requirement is for efficient
radiation.at the front side.

The encrgy absorbed per unit area is related to the

incidént irradience by

Eabsorbed “ Einéident . , —
where, for 99% reflectivity,n.= 0.01.
In equilibeium,

£ = [
radiated absorbead .

6.




and thus, assuming.black body radiation,
X 4
Eradiated =0 T

s EinCidon

. = 100 T (o)
where. 6= 5,67 x 10-6. JLmﬁ/oK“/seCOnd.

Hence dt can.bé séén that a sail which.can withstand
temperatures of only 373°K (1000C) can handle incident
fluxes no larger than loswatts/ma. whilé a sail that can
sustain températures of 7500K (4770C) can tolerate 1.5

X 106 wattS/mn.

The weight of the sail material is, of course, another
critical. factor. The sail.must be as light as possible
consistent with the thermal c¢onstraints and the mechani-
cal. Toading caused by the payload. Although materials .
such as tantalum, nickel, and gold have excellent thermal ..
properties and .are extremely malleable and ductile, they
are quite dense. In order to keep the weight reasonable,
these.materials would have to be formed into foils much
less than 1 micron thick. Such foilg are extremely_fra-
gilé., -- By comparison, 0.1 mil (i.e. 2.5 micron) thick
aluminizéd Kapton,.a polymer material now under considera-
tion. for solar propélled light sails, is some ten to
twenty times lighter. per unit volume, and very resistant
to téaring. On theée other hand, Kapton has a much lower

melting point.

!
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Fg A neat resolution for this di)emia may be found in
¥

very thin composite matérials made from.graphite fibers, . I
Such materials are both Tightweight and very strong, f 4

It addition, they have a-melting point which is quite--

high,.~Cur10us1y.,graphité also has very high theérma) : a
conductivity and recadily accepts .metal coating. Hence. S—
Tt seems to meet all of the necessary ériterias

As & working hypothesis we will assume the use of a
1 um thick graphite composite which weéighs IOOO_kg/kmz.

From 1aser’vu1nerability studies we can éestimate the

maximum permissible heat load (1.e. absorbed heat flux) ,f
to be a0 watts/m . * This sets a strong upper bound .on

the ultimate performance achievable by the light sail.

because it essentially establishes the maximum thrust | 4
. Per Square meter that can be delivered by the laser. i
B. Interstellar Draa Forces.. ! .fll

Another property of the sail itself which must be -;"““

considered is its resistance to the interstellar gas 5

particles which it encounters as it proceeds along its

path. . This may seem strange because we are accustomed

to thinking of interstellar space as a. nearly perfect

vacuum. Indeed, the interstellar gas contains, on the

average, only about ten neutral hydrogen_atoms per cubie

centimeter and, perhaps. two neutral helium atoms.. Al

Py

other atomic¢ and molecular Species have conéentrations

-

oy . C s _ . 6 2
* This corresponds to incident irradiance 1 = 10 w/m
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change of momentum, Ap, 1s given by
Ap = Nm Vv
P w's ’
where mH_is the mass of a hydrogen atom,vg is.the velo-

city of the gajl and N is the number of atoms.encoun-.
ed by the gail _per second:

ter
N ﬁ.-.AS X 0 X Vg

A is the area of the sail, and o is the gas density.

Therefore:
2.
Ap = AgpMyVg
tituting numbers into-this,equation, one finds for
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sure 1s actually quite large enough to dominate the.drag
from the gas, Surprisingly, the situation is made even
better by the interesting fact that the sail would bécome
transparent to hydrogen atoms at the $peeds of interest:
The rést energy of hydrogen atoms is-slightly less
than 10° electron volts. (93I1MeV). The kinetic energy, T,
of a particle at any velocity is given by
To=m(1200-6") "y
where m is the. rest mass and £ =v/c. Referring to Figure
1, we..see that.even at a "modest" speed of 5 x 10‘3c
(i.e. 1500km/sec) the particle energy is already up to
to 10 Kev.
Data from collision cross-section measurements for

laboratory ion sources 15 available. for many materials.

The stopping range for hydrogen atoms penetrating lightweight

composites is very long. In the énergy range below 10KeV
there is undoubtedly a significant dE/dx loss 1in graphite.
At energies.above 100KeV,hawever, the particles would -
pass through the material virtually unimpeded. This
corresponds to-a velocity of 0.015. ¢, or 4500 km/se¢. The
resistance. force would probably never exceed. 10°° Newtons/
kmch‘3a11 area at any velocity, and thus 1is. ignorable in
in our calculations.

C. The Laser Devices

The properties of the proposed hardware for delivering

energy to the sail are sufficiently horrendous at first




glance to be dangnrous for the weak-hearted: Laser
powers in the. hundreds of Gigawatts must be. contem-
plated. (Present technology fs pushing toward the
hondreds of Kilowatts regime). Nevertheless, when we

consider the history of technological progress in the .

past forty years, it is entirely reasonable to assume — !
that powers at least.in the hundred Megawatt regime will
be available by the year 2000, We must.then consider the

feasibility of using tens or hundreds of such lasers in

parallel to achieve .the réquired power level, It will . 1 1
be séen that this "ganging" concept fits well with the
need for an extended, systhesized projection aperture r ;
to be discussed below. Figure_2.shows a. conceptual |

design .for a solar powered space. laser proposed by .

one of the authors (JDGR)_ for another-application. . éf
This so-called "STAG" device exemplifies one of the . } i: 1
elements of thé -proposed projector: A "light bucket"
apprOXﬁmate1y 250 meters.in diameter.delivers solar é

energy to a hypothetical closed-cycle visible light

laser which produces a.continuous coherent output power é
of v 50 megawatts. The laser beam is expanded and trans-

ferréd to a multi-faceted .projection aperture 50 meters

in diameter. The facets.are driven by piezo-electric. P

transducers to achieve. full wavefront control in the a

11,




manner of_a phased nfcrowave array,  (Small controllod

phasefront devices of this sonrt alveady exist (e.f, Ror.

b)Y, frraction 1imited aptical apertures 30 meters
in diamoegoey have-alyeady boen stuidied by NASA (Rof, ()
and have boen found to he foasible,)

The STAG device deseribod above would comprise one
clemont of a large distributod array of projectors,
L a tosal power of 100 GN worp vequired to power the
Tight safl, 2000 of those devices would have to be phase-
Locked togéthér by laser reference beams. The nearly
filled synthesized aperture thus résulting would be a
co-orbiting array some 6 hilometers in diameter.  Such
an array could project a low-loss nearly diffraction-
Timited beam to a 1.3 kn diamater (1.c. 1km2) Tiaht -
satl at a range of 2 x 10!0 KNilometers. - The equation for
the: transfer of nearly diffraction-limitod gaussian beam
(truncated at'l/e: points) from a projector aperture of

effoctive diameter Dy to a Tight satl.of diameter D, is
Dyl *EAR

M) [
" ‘ » \ L
whére R 18 the range.. This boecomes
. -4 g
UpPs 41,3 x 10-* R

for a wavelength of O.5qm.  Although the flux on the sail
decreases inversely with the-square of the distance boyond
tho Fresnel zone, apprectable power will be. transforred to

o s 11 - .. v o ‘i ‘.
ranges oxcecding 10 Km, (Se¢ text bolow and Figure §)
Bo o Beai Pointing. Assuming that -the ability to gencrate

and project sufficiont photon flux to power a light-<ail -

can be achicved, theve st411 vomaing the probléem of Keéping
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the Tight on the sail at vast ranges, Clearly, a

pointing accuracy of n10-te radfans r.m.s._1s required
at a range of lollkm. This might be impossible to .
achiéve-1f 1t were net for the fortuitous circumstance
that the targét star would loom large. and bright in the
field of view of..the projéction optics. It should be
possible to sense an image of the star at the focal point
of the projection system and to maintain & precision bore-
sight on.the star's center bacause of the excellént photon
statistics available. Then, the Tight sail itself could
take care_of the fine pointing by simply riding the beam.,
In fact, the sail might be shaped so as to be self-center-
ing and dynamically stable.

The combined interactions of laser power, projector
size, sail size and. pointing accuracy are shown in the
carpet plot" of Figure 3.

E. Velocity.

With all of the foregoing assumptions, it wii] be
seen below that it is still difficult. to launch a mas-
sive probe at speeds sufficient to .reach the nearer stars

in less than a human lifetiie. An upper limit to creda-

bility is reached at a velocity of about.0.2¢c, which
would permit reaching Proxima and o Céntauri (A & B) in
22 years.. To send a 10,000 Kilogram probé on this mission

. 19
would require a total ecnergy of 1.8 x 10 Joules, which

13.
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cquates o T ndelear parlance, to 4h Moeaatons of enerqgy.
This corresponds to a transfoy of 8700W.yvears of laser
powe

The difticuttios of reaching 0.2¢ are §o areat that
T8 an idle pursuit to investiagate reaching higherw
velodities by the Yight sail . mothod. At 0.0¢, rvelativis-
tic Corrections to the velocity and mass amount to only.
v We shall, consequently, fanore relativity in our

calculations.,

Another rveason for fgnoring higher velocitics . 1g
that, without some means-for.$lowing the probe as it.
appreoaches the target star, the ontounter time boecoies
too short. At 0.0¢ a probe would traverse ourw solar sys-
tom in about S0 hours.  The moest dmportant data on the
characteristics of the teerestrial plancts weuld have.to
be acquived in approximately O hours, which is ditficult

but net impossible,

F.o o Probe Mass .

To stay within the bounds .of veason, thée total mass

of the payload plus light sail should not.exceed 10,000 Ka,

The weight must elearlyhe hept to a miniwmum,  Assuming

continuing progress in micreo-miniaturization of oléectronic

and computer components, it does not SO N re Qs il | Rereemm——————

that peobhesweivhing a fow thousand Kilograms could
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return much useful data., It is particularly inter-
esting to consider using the light=sail {tself as.a
huge transmitting antenna to .greatly reducé the needed

transmitter power to réturn the data to thée earth.

G. Radiation Shielding

Referring again to Section IIB., and Figure 1, we
see that the scientific payload of a probe moving at
the velocities of interest will be subjectéd to a con-
stant flux of very energetic particles. .At 0.2c, 6.x .
10" atoms/ma/second having energies. of about 107 eV will
impinge upon the sail (and, presumably, upon the payload).
This..could be a.serious problem for microelectronics
intended to operate flawlessly for some 30 years.!

It appears, however, that. this problem could be sur-
mounted in-—a.straightforward way:.

It has already been shown that most of the neutral
atoms encountered in instellar space will pass through
the 1ight sail with small dE/dx energy losses. Exper--
ience with laboratory ion sources shows that the princi-
ple result will be simple ionization of the-atois which
penetraté the sail. The recombination timeé for_the re<
sulting charged nuélei and electrons will be quite long
because of the Tong_mean free paths and low collision
frequencies. MHence, the payload will eéncounter éssen-

tially only protons and electrons, provided that it
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remaing. in a pasition Such that an Particles pass ...
through. the sail béfore reaching it, It s easy, then,
to employ a Superconducting coi) in the pbrobe to produce
amagnetic field to shunt themchargéd-pavtic]es past
the-payload. A clover design might even use the
current of charged particles to generate power.to. re-
generate the magnetic field op trick1e=charge batteries,

H. Navelength

In enipty. space the diametey of the focal Sspot, Dg »
1s related to the. projector diameter, Dp, by .

Dy = 2.44)R,

3
LD

whére R is the.range to the sail.,

But .the rradience,
I, (i.e..ivradient flux density impinging on the sail)
s related. to the power'transmitted,mﬂ

1Y T
" DS e

t . b ‘V

whence, SUbstituting, we get -

L= 4PD),

Gr\e RE

, . , 2
Hence the irradience is invorse]y Proportional _to A .
e shall sae later how the irradience is the critical

factor determining acceleration, ‘Thus, there 1s. an
obvious need for the shortest Possible wavelength,

16,
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‘Preosently the.highest energy lasers available.
operate at wavelengths of.3.2, 6.0 and 10.6 ym in. the
infraved.. There are numerous major-rescarch éfforts to
develop shortér wavelength HELs, however, It is reason-
able to assume-—that thése efforts—will succeed within

the next décade or so. Hence, we feel that we .can

safély anticipate. the availability of lasers yielding
tens to hundreds of megawatts. at 0.5 um .(i,e. visible)
by the early 21st century. While shorter wavelength
operation.will.undoubtedly be achieved. éventually, the
advantages for light sail propulsion may be insignifi-
cant. The reason for this is that the photons would
become so energetic that they would.penetrate the shiny
metallic sail coating, producing surface damage and
much greater heating of the sail material. . We shall
therefore assume a wavelength of 0.5 um for our re-

maining deliberations.
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o II1.  ANALYSIS !
5, _ Any imission involves the following parameters:

| X.= total distance to be traversed..

Xa = distance traversed during acceleration

(i.e. required range of laser).

PL = total power delivered to sail by laser,

TN L P T IR T e T e

i , . . ) .
;; : ta = time elapsed during acceleration (i.e. ‘
g; ; required laser on-time) i
fq 5 t = total trip time assuming no deceleration
: t
E‘ : at destination.
E” : Va = velocity at termination of acceleration,
i: i ’ Then, it is easy to see that (ignoring relativistic
L] o
SR effects): . | 1
F; Xo= % aty™ + Uy (t-ty) {1) , “,»
S Or, substituting Vv, = at, |, I i
T X = % oaty + at,(t-ty)
r it 2 2) \
‘J X = atat -4 ata R . . ( ' ’
: § Now, since Xy = ata2 » we have ;
E X .= at ’Zxa - Xa j
E a . d
{Tf So, the key equation for the trip maxwhgmwrixténww_z ) :
Sk v 3 ;
Also, from equation 2., we have
2 \ i
C - C : + ( = ) : !
ilf&l (ata)t X 0 N
2a T
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Hence, from the quadratic formula,
o--£=-~‘--———‘—-il-..
aty =t - J_‘t - AX

1

2a

~ -

5

Thus the maximum veélocity is velated to the acceleération. by
V, = at - j(‘at).f‘_.- 2ax. (4)

A further useful permutation produces the form:

£, = 4 (Vat-X)Xa
a Voo
d

ol

Now, given a light sail system capable of achieving
a specified accéleration, we can.choose a star at dis-
tance X, specify an acceptable trip time, t, and calculate
the needed velocity. We can then. back-calculate through
equations -2 .and 3 to obtain.the needed laser range Xa..
and irradience time,.ta. Alternately, we can. decide on
a maximum range-and then calculate the other parameters,
The achievable acceleration is directly related to
the deliverable.laser power, PL‘ by the radiation. pressure:

Radiation Force = ma = 2. P

-

c

Or: a.

1]
[
-

—

|

(5)
nc¢ L.
To achieve more acceleration, there are only two choices:
1. Intreasé—the lasea—power., ..

La)

2. Decrcase the mass of the system.
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Since the sail will always_be operated . at thé maximum

. ‘ . N
possible irradiance, whic¢ch we.have assumed to be 10

w/in”, any ingrease in laser power will necessitate an.

incréase in.sail area, It might seem that the large

sail might outweigh other disadvantagées. From .équation

5, the radiation forée per unit area (i.e.
= 21

‘a— ———

C 3

pressure) is given by

where I is the irradiance intensity, This gives

| Fa® 6700. Newtons/km® —
for 106w/m2 (again calling actention to the ignorability
of the 60 .Newton/km® back pressure). But there.is an
asymptotic effect, because the mass of.the sail in-
creases as the square of its diameter. . It turns oqut .
that, for a fixed intensity, increasing the sail area
cannot possibly help the situation by more than a factor
of the greatly increased..laser power.required. This can
be seen clearly by rewriting equation 5.in terms of the
separate payload mass, my, and sail mass, mg, as follows:
a = 2 P
Ty +mg)e (6) .

Then we can state.PL in terms of the irradiance, I, and

the sail area, A:
. (7)
PL = A

e e e —
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Further, we can relate the total sail mass.vms. to the

mass per unit area, mé” by..

mg = mg A . (8)
So now, upon Substituting equations 7 and. 8 into 6
get

’ we -

a. - &IA
max = (mp +mi A)c (9)
If we allow the sail area to become._very large,

equation 9 approaches the limit

a = 21, (10)
m' ¢ -
S

Thus, the functional behavior is as shown in figure
4, . If we adopt as a compromise a sail having total
mass equal to the instrument Probe mass., we find that

E P
& = 5 dpax.

This provides a crude optimization for the apportion- ..
ment of payload and sai) mass.,

Another matter which is worthy of consideration. is
the efficiency with which kinetic energy is.transferred
to.the sail by the laser. The force on the sail, con-.
sidering perfectly elastic recoil encounters_of phaotons
with the sail.surface, is given by

F o= 2hy PL

¢ hy , (11)

21




where hv/e 1§ the photon momentum and P /hv

:“1 v is the number of photons, Thus we can write
" d’ % = QPL ~
j \‘ oavf-ninm.«< T,-‘.(_‘... .
¢
Y
s Integration gives
" o
¥ v=2lL oy (12)___
i nmc
- Now, the kinetic energy of the sail is
4 2
5 Eg = —% mv (13)
-y
2
" Substituting equation 12 into 13, we have:
" 2 2
% Eg = 2 P t.
: —_—
; mc
2
Factoring, we see that
E[ ! * ). .
¥ £ = (2P|,fc) Pt _ v, Pt=gPt.
, me /¢ ¢

This simply says that the kinetic energy of the.sail at
any time-is. proportional both to the velocity and to the
total energy, Pt, transmitted by the laser. One way to
visualize this result is to think of a photon in the

instant of encounter with the sail: Because .the sail is
moving rapidly away, the photon is redshifted in the en-
counter proportional to the sail.velocity; and ,hence,

moré energy is transferred per encounter at high speeds

than at low speeds.

22.
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Now we have all of the ingredients necessary for

a unified treatment of the entire lasep Tight sai)
problem.. For.completeness we shall in¢lude a.parameter,
N, which_.is called "beam .quality". This. term éxpresses .
imperfections of the beam as a multiple of the diffrac-
tion 1imited spot size.. A beam quality of 2, which
is.typical of excellent performance in pre%ent:day HELs,
indicates that the best focal spot 1s twice as large

as thé theoretic¢al optimum,

Consider a Gaussian beam for which the intensity,
I, at any point in the focal spot is related to. the

intensity on the center line, Iey by

1=1e-(r/a)”
(o

The_.included power within a radius r is then
r
P! = fxznrdr s ma’le [1-e (r/a)?]
0
2
= P []_-e '(.tl.’..ﬁ) J (14)

For a focussed beam having an initially uniform cross-

sectional area A and beam quality N, the power ¢ollected

by a sail of area.A; at range R would then be:

. r = AsA 9 PA -
e [t TR W e A R (15)
P, R=o
23,
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Thus, this formulation yields the proper behavior in.
both the near and far fields of the projection apeérture,
For the case in question, P = IoAg » where I, is the
maximum allowable.intensity based upon the heat re-
Jéction characteristics of. the sail.

The dynamics of the problem are.déscribed by

F=ma = 2 p' = 2|>-E & 'A%&fq]
c < ATREN
= (np + my. Ag) % v (16)

R

where m;.is defined as the mass of the sail per unit area.

It is assumed that the focussing is continuously adjusted .. .. .

to its optimum value. _Equation 16 then leads to
O 4 2 - ;
ANC (mp.m&msAS)V - l-e f dx
2 PJKSKE . x 32
_AgA o
A RENE

Z/J—):s X+

2 (1-e"X) -+ 2 f =
ﬁ( ) AJT erf /% s roxw o (17)

Here we have set «x avAsA/A?RzNz. Equation 17 now contains

all.of the important parameters. The- behavior is shown

in Figure 5. .Several important features should be noted:

(1) Were-the sail to be irradiated to infinite range,

half the final energy (i.e. 71% of the final
spéed) would have been—imparted in the near field,
.. for ROATA /AN, Consequently, there is 1itt]e
point in irradiation beyond the near field.

24,
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j (2) With fixed power and aperture .per laser (e.g.

| with STAG type devices 1llustrated in Figure B
QE 2), the required numbér_of lasers is propor- L

8 (

i tional to the square of_the inténded terminal

. velocity. ;

(3) Holding other paraméters fixed, the laser _.

e —y A e =
el

power -and the sail_area are both proportional
to the fourth power of the terminal velocity.

% Thus, if speed requirements. can be rélaxed, a

substantial saving in laser complexity and

g : cost ¢an be realized. i
The.last point.can be clarified as follows.

Neglecting_the mass of the payload (for simplicity), and , é .

starting from

. 2. ‘
F=ma=mdv= mdv =2dD A (18).

ensity on the sail, we have oy

dv. 4 QA . & O (19) ]

Then, vis 4 (O g (20) : {
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Therefore [ Y .

3

In.Figure 6, all of the foregoing wisdom ¢ drawn
together to show laser. and irradiation range requirements
versus attainable final speed, For this example we have
adopted the constants discussed in the foregoing text:

I, = 10° watts/m”, mg = 10 kg/km*, N = 2, and X = 0,54,

A final .analytical point that must be.made is that ——__

it is—not possible to stop an interstellar light sail

probe by using natural light from the target star or.

interstellar gas—drag to retard the.sail's motion. .The
use of starlight is intuitively impossible because the--
laser accelerates_the probe by imparting hundreds of solar
constants of radiant flux for a year or more.. This can-
not be undone in. an.encounter with a star which lasts only
a few hours at best. =-- In Section I1-B we have already
shown. that .interstéllar drag forces are negligible during
the acceleration of the sail. That they _¢ontinue-to be
negligible throughout..the flight and do not integrate to
any significant amount can éasily be shown:

Giver that the total drag farce is Dv’ (where D has

units of Newton sec’ meter-?)hwthé équation of motion is

26,
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Intagration gives the timg to dacelerate Trom the iattial e |
- , Co R _ |
vedocity Voo to a final valocity Vo ; :

g oo M (1 - _1_) | ‘
1) Va v, .
Any reasonable combination of payload, sail arvea and : :
initial velocity gives decoleration times on the order i
of a midlion years. A Corollary is that a ¢lose approach. ! E
to a Star to utilize “stellar wind" drag will also be ]
utterly futile as a braking_machanism. ;
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IV, CONCLUSIONS

It 15 now poséible to summarize.the conclusions of

this study in terms of “"practical" examples. Figures 7
and 8 show travel times versus laser parameters for various ..
payloads. Figure 7 applies to a one-way flyby probe to

a Centauri, while Figure 8 represénts voyages to the planet

; Saturn during which the sail vehicle is accelerated for S
! i the first half of. the trip and decelérated for the second
f half by a laser system at Saturn. In all cases, it is L 1

T
~ e -
Y

assumed that half of the mass. of the vehicle is in.the

sail and the other half is in the payload, as suggested by ...

;' ‘ the discussion_on page 21 (c.f. -ig.4). %
é The o.Centauri probe_mission is seen to be extremely ;
é‘l ) difficult. For.a 1000 Kg payload to reach the .star in 22 ;:
Ej.g vears (i.e. V4=0.2¢), The laser_projector must have a power- | {‘
' g aperture product of ~1.6 x 10% GWskm®. Thus a 1000 GW . H é
] i laser system would require a nearly filled projection |

aperture of area 1.6 x 10° km®. This corresponds to a total

aperture diameter_.of ~ 450 km. The near-field focus would have
to be .maintained to a_range of &~ 3 x 10'! km., If the travel
time éould be relaxed to 60 years, 10,000 kg could be launched
by a 1000 GW laser system having a diameter of "only" 142 Kkui.
Sti11 better, a 60 year mission _for a 1000 kg payload would

28,




reQuUire only a 45 km projection aporture for thoo 1000 W
Taser aysten,  (In all casoes 4 boan quality of Ne? §«

assumed),

While the results for the interstellar probe mission

can scarcely be called-encouraging, the pPoOsSsibilitios for

using. Mght. sails to ploment colonisation of the solar

system are very exciting indeed. Fiaguwee 8 shows that Q000 —.

Kg pavleads can be delivered to Saturn in 0. days by @ Y00 Gy

Tasor systom- foading an efroctive aparture only 10 km.in e
diameter.  This is wold withinarange of the capabilitios of
the STAG systom which has boen propesed by o of the presont

authors ( DODLGLRG)Y for power transmission from geosvnchronons

orbit toothe carth and woon. In . the oxample

4

of Figure &, it

IS assumdd that a~lasoer system has been astablishod in orbit

around Saturn's satellite Titan . to deceleratoe Thcoming vehieles.

and aceolarate roturn vehicles to the Earth, Such a

System could

be.moved to Saturn by sTow degreds using the dynamical principles

of salar sailing. Porhaps the Tasers themselves could provide -

the nooded thrust to achiove the neaded orbits, S

In a1l of the fordaning work we have at tempted to rematn—
alert to tallacias which would relogate laser Vioht cafls to e
catagary of dmpessible dreams. Althouah it is.clear that we

are conceptuatizing tochnologies which push well beyvond what

AN

praps
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is presently possible, we have.not found any Timitations

of the reductio ad absurdum sort. If.we &re willing to..
accept the possibilities of very high 1laseér power and very
large, very precise projection.structures, the possibilities
seem realistic, particularly for efficient transportation
within the solar system. A critical technological problem

that muat be solved, however, is_ the phase-locking of

large numbers. of freely moving subcomponents of the synthesized
projection aperture. Given sufficient time and incentive, we

feel that it is safe to assume that this can be accomplished.

30.
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