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PERFORMANCE ANALYSIS OF A LASER PROPELLED

INTERORBITAL TRANSFER VEHICLE

ABSTRACT

Performance capabilities of a laser-propelled
interorbital transfer vehicle receiving propulsive power
from one ground-based transmitter is investigated. The
laser transmits propulsive energy to the vehicle during
successive station flyovers. By applying a series of
these propulsive maneuvers, large payloads can be
economically transferred between low earth orbits and
synchronous orbits. Operations involving the injection
of large payloads onto escape trajectories with C3 = 120
km2 /sec t are also studied. Payloads to be boosted to
the higher energy orbits are assumed to be brought up
from the earth's surface by other vehicles such as the
shuttle. Since the propulsion periods of a laser
propelled vehicle are constrained to periods of time
when it is moving above the local horizon of the laser
station, the duration of each successive engine burn
must be carefully timed so that the vehicle will reappear
over the laser station to receive additional propulsive
power within the shortest possible time. The analytical
solution for determining these time intervals is presented,
as is a solution to the problem of determining maximum
injection payloads. Extensive parametric computer analysis
based on these optimization studies is presented. The
results show that relatively low beam powers, on the order
of 50 Mw to 60 MR, will result in significant performance
capabilities.
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PERFORMANCE ANALYSIS OF A LASER PROPELLED

INTERORBITAL TRANSFER VEHICLE

by

Michael A. Minovitch

Phaser Telepropulsion, Inc.

SUMMARY

Performance capabilities of a laser propelled

interorbital transfer vehicle receiving propulsive power

from one ground based transmitter is investigated. The

laser transmitter is assumed to be located on a high
mountain in southern Arizona at latitude 31.8° and

transmits propulsive energy to the vehicle during

successive station flyovers. Since the propulsive energy

of the vehicle is not the result of chemical combustion of

propellants, the resulting engine I SP and thrust are not

bounded by the conventional limitations of chemical rocket

propulsion. Moreover, since the energy-generating

mechanism is removed from the vehicle, a considerable
reduction in vehicle inertial mass is possible, which can
result in very high vehicle thrust to weight ratios.

By using a series of propulsive maneuvers during
successive station flyovers, large payloads can be

economically transferred between low initial orbits and
synchronous orbits. The propulsive strategy, therefore,

closely resembles that of a synchrotron machine used in
accelerating atomic particles - only in this case the

particles are replaced by a space vehicle, and the
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confining magnetic field is replaced by the gravitational

field of the earth.

Since the propulsive periods of a laser-propelled

vehicle are constrained to periods of time when it is

moving above the local horizon of the laser station, the

duration of each successive engine burn must be carefully

timed, so that the vehicle will reappear over the laser

station to receive additional propulsive. power within the

shortest possible time. The analytical solution for

determining this interval, using a high accuracy earth

gravitational potential function, is presented. The

analytical solution for determining maximum injection

payloads is also presented. Extensive parametric computer

analysis based on these optimization studies is presented.

This parametric analysis covered a span of specific

impulses that ranged from 500 seconds to 2,000 seconds and

propulsive powers that ranged from 2 MW to 65 MW. The

results show that a laser-propelled vehicle having an ISP

and propulsive power in the neighborhood of 1,500 seconds

and 50 MW respectfully, will be capable of transferring

payloads on the order of 30,000 kg from low initial orbits

to synchronous orbits. The vehicle will also be capable

of injecting large payloads onto escape trajectories with

C 3 = 120 km2/sec 2 . In this case, all propulsive maneuvers

are performed within 50,000 km of the laser transmitter.

The laser-propelled vehicle studied here is

designed to operate with the ground-to-orbit chemical

shuttle already under development to give a complete low

cost reusable shuttle system for a wide range of orbital

missions and/or injections.



INTRODUCTION

Beamed power for rocket propulsion has its origin

in the concept of wireless power transmission, which was

initially proposed by Nikola Tesla near the end of the

19th century (ref. 1,2). Tesla not only invented wireless

radio communication (Marconi's original radio patent was

ruled invalid because of Tesla's early work, but thr-e is

strong evidence that he also performed the first original

work on masers and lasers (ref. 3). Tesla carried out

large scale experimental research in wireless power

transmission in Denver, Colorado, during the years 1899-

1900. He later advanced his work in this area by building

a large wireless power transmitting station on Long Island,

utilizing the phenomenon of standing waves. This effort

was financed by J. P. Morgan. Unfortunately, Tesla was

so far ahead of his time, his scientific contemporaries

had great difficulty in understanding his papers and

tended to call them unscientific - even at times, mystical.
J. P. Morgan soon withdrew his support and Tesla's Long

Island laboratory was closed. Later, in 1933, Tesla

described how beamed power transmission could be used to

propel aircraft (ref. 4).	 The beams he used in this

application were probably lasers, but of course he did not

call them that.
The first actual application of wireless power

transmission began with the development of efficient
microwave generators. This capability began to emerge

with the microwave generators developed for radar during

World War II and later for microwave communications.

i,
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The event which led eventually to the use of

microwaves for power transmission was the development of

very high power microwave tubes by the Department of

Defense in the early 1960s (ref. 5,6). Mr. William C.

Brown of the Raytheon Company subsequently utilized these

results to formulate, in a practical way, the transmission

of power by a microwave bea.n (ref. 7). Brown became the

leading exponent of wireless power transmission using

microwaves and was the principal force behind the develop-

ment of a small 50-pound microwave powered helicopter

(ref. 8). The concept was soon extended to rocket booster

vehicles by Schad and Moriarty (ref. 9).

The reason that lasers may be ideal as carriers of

beamed power is their capability for long range trans-

mission. In theory, a parallel beam of coherent electro-

magnetic radiation diverges by an angle a given by

a = 2.44 a/D where a and D refer to the wavelength and

aperture diameter respectively. Hence, at a distance R,

the beam will have a diameter (i.e., spot size) s given by
2.44XRS = D _ 	(circular aperture). By employing a focused

aperture, the spot size can be reduced to s = XR/D, where

R is within the aperture's near-field range defined by

D 2 A (ref. 10). For example, if the microwave transmitter

has D = 10m and a = 3 cm, the near field range is only 3.33

km. On the other hand, if the radiation were laser instead

of microwave, a would be much smaller, and it will be

possible to attain much greater transmission distances.

For example, if a = 10.6U (CO2 laser), the near field

distance of a 10m diameter aperture would be 9,434 km.

Thus, in order to obtain efficient long range wireless

power transmission via microwaves, the transmitting and

receiving antennas have to be very large. This is not the

case when lasers are used.

4



Dr. Abraham Hertzberg was one of the early

researchers to identify and work out a practical system

for long-range wireless power transmission using laser

beams (ref. 11). The suggested use of laser power trans-
mission to achieve high thrust rocket propulsion was made

by Kantrowitz (ref. 12,13) and the author (14,15).

Kantrowitz's method, which was advanced by Rom and

Putre at the Lewis Research Center (ref. 16) and by Pirri

and Weiss at the Avco Everett Research Laboratory (ref. 17)

involved shining a high intensity laser beam on a

specially treated material located in the throat of a rocket

nozzle. The interaction caused the formation of a plasma,

which produced a shock wave that transferred momentum to

the rocket vehicle for propulsion. In theory, the resulting

specific impulse can be very high. In addition, the

resulting vehicle thrust-to-weight ratios can also be very

high, which results in high vehicle accelerations. The

original operational application of this method of laser

propulsion was to accelerate a vehicle from rest to orbital

velocities before it passed out of the range and/or line of

sight of the laser transmitter. Since the Kantrowitz

application required enormous beam powers (1 GW per metric ton

payload according to Kantrowitz, ref. 13), his method

appeared to be impractical because of the multiplying

effects of the various energy conversion inefficiencies.

For example, it would require a beam power of at least 30 GW

to match the 30 metric ton payload capability of the chemical
ground to orbit shuttle vehicle. Based on a 20% electrical-

to-laser conversion efficiency, the required input power

would have to be at least 150 GW, which is a significant

fraction of the total electric generating capacity of the

United States. But this seemingly impossible task of

concentrating 150 GW of electric power could in fact be

accomplished with relative ease. The solution is to charge a

'I
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superconducting magnetic energy storage system (10 GW-hr

to 30 GW-hr capacity) over a relatively long time interval

(i.e., many hours) and discharge it into the laser

generator over a relatively short time interval (i.e., a

few minutes). Such a system could in fact generate 100 GW

to 300 GW of input electric power over a time interval

sufficient to propel a vehicle to orbit. Large super-

conducting magnetic energy storage systems are described

in references 18 and 19.

The laser propulsion scheme studied in this report

involves transmitting power over much greater distances

but at much lower power levels to vehicles already in

orbit. The vehicle intercepts the laser beam and uses it

to heat a convenient working fluid to high temperatures.

The hot gas is expelled through a rocket nozzle as in

conventional propulsion to generate vehicle thrust. The

laser transmitter is located at a fixed position on the

earth's surface,preferably on a high mountain to reduce

beam attenuation by the atmosphere. It is energized by a

nearby superconducting magnetic energy storage system

which is continually being charged by a relatively low

power transmission line (on the order of 20 MW).

Power is transmitted to the vehicle as it makes

successive passes over the laser station. Since the

station is assumed to be off the equator, successive fly-

overs will occur only once every sidereal day or multiples

of a sidereal day depending on vehicle acceleration.

Thus, by applying a series of these propulsion maneuvers,

the vehicle can boost payloads from low orbits to synchron-

ous orbits or beyond with very high specific impulse,

without burdening itself with the large dead inertial mass

usually associated with high specific impulse, high thrust

rocket engines. The vehicle is designed to operate as an

6



interorbital transfer vehicle (ferry) that takes payl.nads

deposited in low orbits by the chemical shuttle and

delivers them to high orbits (e.g., synchronous orbits) or

injects them onto escape trajectories.

There are other significant benefits that a laser

propelled transfer vehicle can offer. For example, the most
expensive item in the system will be the laser transmitting

station, and this system will remain on the ground where

it can be serviced by routine maintenance. It can never

be lost by vehicle malfunction. The vehicle's propulsion

system is essentially an optical device for receiving the

laser beam and concentrating it on the working fluid.

Control will be relatively easy. one laser transmitting

station will be capable of powering a fleet of perhaps

10 or 20 such vehicles where each vehicle receives

propulsion power at different times.

The aim of this report is to analyze the perform-

ance capabilities of a laser propelled vehicle over a wide
range of system parameters in order to evaluate its

potential. Although a prior study (ref. 20) did show
striking performance possibilities, it was based on

rather high propulsive power (460 MW) and specific impulse

(2,000 seconds) and lacked a comprehensive parametric

study. This report will. cover a much lower range of

propulsive powers and specific impulses. The analysis

will be based on a high accuracy "pear-shaped" gravita-

tional potential function which was missing in the previous

work. It will be shown that the "pear-shaped" potential

function will significantly reduce the transfer times to

synchronous orbit with high mass payloads that would

ordinarily be required using a spherical potential

function.

7



INTERORBITAL TRANSFER VEHICLES FOR
MISSIONS TO SYNCHRONOUS ORBITS

Current mission studies involving large communi-

cation satelli
tes, astronomical telescopes (manned and

unmanned), and manned space stations, suggest that future

traffic to geosynchronous orbits is Zlkely to be very

heavy. Indeed, it has already been estimated that 50% to

60% of all payloads brought up from the earth's surface by

the reusable ground-to-orbit shuttle will require

insertion into synchronous orbits (ref. 21).

Unfortunately, missions to synchronous orbits

are not easy to achieve. The minimum total AV required

for a round trip stop-over mission tc synchronous orbit,

starting from a 100 naut_--' :rile circular parking orbit

with inclination 28.6°, is 8.602 km/sec. This is achieved

by four burns. The first burn AV = 2..461 km/sec, raises

the apoapsis altitude to 35,793 km (synchronous orbit

altitude). The second burn, AV = 1.840 km/sec, is carried
out when the vehicle passes through its apoapsi.s just as

it crosses through one of its nodes. This maneuver is a

combined plane change and circularization maneuver. Hence,

the total round trip 4V = 2x(2.461 km/sec + 1.840 km/sec)

8.602 km/sec. This AV is approximately equal to that

developed by the ground-to-orbit shuttle vehicle. It is

interesting to compare this minim 7am AV with the average

minimum AV required for a round trip stop-over interplane-
tary mission to Mars. Omitting the calculations, it can

be shown that the average minimum transfer velocity

for an interplanetary transfer from a 100 nautical mile
high circular parking orbit about the earth to a 100

F,F: ;I

c
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nautical mile high circular parking orbit about Mars and

return to the initial parking orbit at earth is 11.818

km/sec. Hence, a round trip stop-over interplanetary

mission to Mars requires a total transfer velocity

of only 3.216 km/sec more than the minimum total

transfer velocity required for a round trip mission
to synchronous orbit. Thus, only 1/3 more AV is required

for a round trip transfer between a low earth orbit and a

low Mars orbit than is required for a round -trip transfer

between a low earth orbit and synchronous earth orbit.

Consequently, as far as AV is concerned, every round trip

mission to synchronous orbit can almost be r^_,garded as a

round trip, stop-over mission to the planet Mars. If we

assume identical propulsion systems, the fuel requirement

for both missions will be of the same order of magnitude.

The purpose for these calculations is to focus

attention on the fact that round trip missions to synchron-

ous orbits are difficult to achieve - much more difficult

than is generally realized. The ground -to-orbit shuttle

vehicle currently under development falls short of having

the capability to deliver payloads directly to synchronous

orbit by a wide margin. Figure 1 describes the payload

capability of this shuttle as a function of orbital

aItitude and inclination. It is clear that no significant

approach to synchronous orbit can be made with this vehicle.

Although future ground-to-orbit reusable shuttle vehicles

will inevitably be developed that will have the capability

to deliver payloads directly to synchronous orbits, it

appears unlikely that these shuttles could be operational

before the end of the century. Thus, one is forced to

conclude that, at leaLt for the foreseeable future, any

complete shuttle system will have to be composed of two

different vehicles: a ground-to-orbit shuttle

F•.

y

	

	

9
i

6



O
14
11

d

r4

O1

'O

C
rd

u

ro

E
W

w

W

d
ro

iJ
.r4

i)
r-1
ro

A
H
O

N
ro
r4

U
H

O

n
W

43

b1

3

O
rl

ro
_w

ro
a

4

	

^	 I3r•1	 t

7
rn

	

w	 1

Q
O
t0

.•i

0
0

0
0
N

Gl

O	 .3

A
r4	 43

ro

+1
.k
$4

c O

ro
r4

U
H
.r4

O U

0
C
d,

u
0
N

Oi

i

i
S	 i

h
M

i y
C7

v	 ^Q

y	 ro

c o	 ^e

N
	 z

^4 T3	 O
ro C	 v
C N	 Ql	 T3
•,4 W	 O	 N

Z	

ro	
H

A

x

o
V

R	 C
!o	 u	 i

A

ro	 o

C
ro	 N

!

O
a	 Y '

ro
$4

inro !n

m /

d	 M	 N

suoq oTagew I ssEW peoZXad

10



i

I

11

vehicle to bring up payloads from the earth's surface and

deliver them to low orbits and another vehicle that will

transfer payloads between these low initial orbits and

synchronous (or other high energy) orbits. These

interorbital transfer vehicles are often referred to as

tugs. We shall refer to them as interorbital transfer

vehicles. In view of the above analysis, it appears that

for all practical purposes these vehicles will have to be

almost as powerful as an interplanetary shuttle that

transfers payloads directly between low earth orbits and

low Mars orbits.
Several tug configurations are under active study.

The vehicles that appear least cos*-'y to develop into

tugs are the Centaur and the Agena. Similar vehicles have

been designed by ELDO (European Launcher Development

Organization). All of them are chemical and would be

carried to orbit for each mission inside the cargo bay of

the ground-to-orbit shuttle and attached to the final

payload. Assuming that a round trip mission is possible,

this vehicle would be returned by the shuttle to the

earth's surface where it would be refurbished, refueled,

and prepared for the next mission. These vehicles will be

referred to as chemical tugs.

In view of the high 4V requirements for transfers

between low earth orbits and synchronous orbits, transfer

vehicles with higher specific impulse propulsion systems

have been proposed. These are the solar electric propul-

sion orbiters, nuclear electric propulsion orbiters, and

the nuclear rocket propulsion orbiters. A description of

all of these vehicles can be found in references 22-26.



TABLE 1. - PERFORMANCE CAPABILITIES OF ADVANCED REUSABLE TRANSFER VEHICLES

ON MISSIONS TO SYNCHRONOUS ORBIT

CHEMICAL SOLAR NUCLEAR CHEMICAL NUCLEAR TUG
TUG ELECTRIC ELECTRIC ELECTRIC (colloid core)

(Ref.	 22) (Ref.	 24)(Ref.25) (Ref.23) (Ref. 26)

Launch Vehicle S hut t le Thor A Thor 4 Shuttle Shuttle

Payload (Kg)(delivered to {^
synchronous orbit)
Tug expended 8,182 680 680 9,000 16,000
Tug returned empty 3,636 300 300 4,000 8,400
Round trip 1,364 200 200 2,300 3,100

Mass (Kg)
Dry mass 2,727 1,000 1,000 674 3,000

Fuel mass 24,546 500 500 1,180 12,700

Initial	 (excluding
payload) 27,273 1,500 1,500 1,854 15,700

Total	 initial mass 29,540 2,180 2,180 29,540 29,540
Propellant fraction .83 .23 .23 - .43

Engine

ISP 460 3,000 3,000 444/3500 1,100

Thrust	 (lbs.) 10,000-15,000 .184 .184 20,000

Propulsive power (MW) 100-150 .020 .020 - 480

Mission Duration (days)
One-way 0.5 370 370 45 0.5

Round trip 1.0 600 600 90 1.0

I,
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Table 1 summarizes typical performance character-

istics of these transfer vehicles. They are given here so

that they can be compared with one another and with the

performance capabilities of a laser propelled transfer

vehicle.

LASER PROPELLED TRANSFER VEHICLE

SYSTEM CONFIGURATION

The laser transmitting station will be the most

important system associated with a laser propelled inter-

orbital transfer vehicle concept. 	 In order to minimize

beam attenuation by the earth's atmosphere, the station

will be located on the summit of a high mountain with

exceptionally clear visibility and little cloud cover. 	 A

previous study (ref. 20) has identified several mountain

tops in southern Arizona that are promising for the station.

Figure 2 shows the laser station equipped with a very large

optical phased array transmitting aperture for electronic

beam steering (ref. 27) and a large superconducting

magnetic energy storage system for load leveling.

One possible configuration for the laser propelled

transfer vehicle is shown in figures 3A and 3B (ref. 28).

The advantage of this particular design over others

previously given (ref. 20) is that the main reflector is

circular and in most situations, will be much larger in

diameter than the incident laser beam. 	 All of the rays of

the beam will be reflected onto a secondary mirror, located

on the focal axis of the main reflecting disc and reflected

' onto a beam splitting mirror and along opposite directions

inside a tubular beam which serves as a rotation axis for

the reflector.	 The laser radiation is fed into two laser

rocket engines mounted on each end of the tube.	 The main

reflector is shown in figure 3C.
F,
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mirror

Exiting high flux laser
beam for rocket engine

Main reflector-----_

Beam splitter (lo--__
Gated at center of	 =-`<
mass of reflector	 .!
and secondary
mirror assembly)

/Support structure
of secondary mirror

Lased beam

Tubular rotation axis of Y

reflector containing high
flux laser beam leading to
laser rocket engine	 Rigid support ring around

boundary of reflector

Exiting high flux laser
beam for rocket engine

Figure 3C. - Possible, large diameter, low mass, inflatable
paraboloid mirror for collecting and concentrating laser beams
over great distances.
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Thus, the incident beam could wander around the entire

disc in any random manner without causing any reduction

in propulsion power. Of course, sensors on various parts

of the disc will feed back information to the electronic

beam steering system on the ground so as to keep the

center of the beam as close to the center of the disc as

possible. The diameter of the array on the ground and

the diameter of the disc on the vehicle will determine the

full power operational range of the system. We shall

assume that this full power operational range is 50,000 km.

The vehicle and propulsion system is also designed

to operate as a solar powered vehicle if laser propulsion
is unavailable. This could be used during the final
placement of satellites in specific synchronous orbits.

This capability will be very important because only about

1/4 of a:?,1 synchronous orbits would be within the laser

transmission cone of any fixed laser transmitting station.

Solar propulsion would be accomplished by moving the disc

to an attitude perpendicular to the incident solar radiation.

This would illuminate the entire disc, and all of the

intercepted radiation would be fed into the absorption
chamber of the rocket engine. If the disc radius is 25

meters, for example, this radiation would represent
approximately 2.6 MW. If LH2 is used as the working fluid,

a specific impulse of 600 to 700 seconds could be

generated (ref. 29). Assuming a propulsive power conver-

sion efficiency of 75%, this power level would provide a

thrust of about 663 N to 568 N (149 lbs. to 128 lbs.

respectively).

i
i
I
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PROPULSION MANEUVERS FOR LASER PROPELLED

INTERORBITAL TRANSFER VEHICLES

A laser propelled interorbital vehicle will transfer

payloads between low earth orbits and synchronous orbits

by a series of discrete engine burns that will occur

every time the vehicle flies over the transmitting station

(providing the local weather conditions are favorable). If

the laser transmitting station is located on the equator

and if the vehicle's orbit has zero inclination , the

vehicle will pass over the transmitting station on each

and every orbit revolution no matter what its orbital

period, because the motion of the station (due to the

rotation of the earth) will always remain in the orbital

plane of the vehicle. Therefore, power could be transmitted

as soon as the vehicle rises sufficiently high above the

station's local horizon and continued until it passes

below a minimum allowed beam elevation angle. Unfortunately,

this situation is radically changed if the transmitting

station is located off the equator, because then the motion

of the station will no longer be in the orbital plane of

the vehicle. In fact, since this plane does not pass

through the earth's center, no orbital plane exists that

can be co-planer with it. Thus, in order for an orbiting

space vehicle to be able to make repeated passes over a

non-equatorial laser station, the inclination of its orbit

will have to be equal to or greater than the latitude of

the station and its orbital period will have to be in
resonance with the rotation period of the station (i.e.,

the earth's period of rotation). Consequently, the

propulsion periods for a non-equatorial laser transfer

vehicle will have to be carefully timed, so that each

successive burn is terminated only when the vehicle's

19
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orbital period reaches a certain resonant value with the

station's rotation. This will enable the vehicle to

reappear over the laser station to receive the next power

transmission. Each propulsion maneuver is designed to

propel the vehicle from one resonant orbit to another

resonant orbit. The intervals between these successive

station passes is one sidereal day or an integral multiple

of a sidereal day. The shortest possible interval is one

sidereal day. Thus, the burns are timed to enable the

vehicle to reach the targeted orbit (e.g., synchronous

orbit) in the minimum overall time.

Since each intermediate orbit is in resonance with

the station, it is not absolutely essential to beam power

during each and every station flyover. For example, if

the local weather conditions above the transmitting station

are unfavorable for power transmission during a particular

flyover, the transmission can be postponed to the next

flyover without any serious effect on the total flight time.

The determination of the precise duration of each

successive engine burn that will place the vehicle into

higher energy resonant orbits is an important part of this

.study. We shall solve this problem using a simple

spherical gravitational potential function and a high

accuracy "pear-shaped" gravitational potential function.

In the first case, each coasting orbit remains fixed in

inertial space, and the analysis is relatively simple.

In the second case, the coasting orbits do not remain

fixed in inertial space. There is a drift in the line of

apsides and the orbital plane that will result in a very

complicated ground track. This must be considered when

determining the duration of each engine burn.

R
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A. Duration of Available Propulsion Periods
during Station Flyovers

It is important to have some general understanding

of the total power transmission time that will be available

when a laser propelled interorbital transfer vehicle passes

directly over the laser transmitting station for various

altitudes h, orbit eccentricities a and minimum beam
elevation angles a. These times have been calculated on

the assumption that the vehicle passes through its perigee

when it is directly over the station. The available

thrusting time is defined as that time interval AT during

which the vehicle is a degrees or higher in the sky above

the station's local horizon, where a represents the

minimum beam elevation angle (see figure 4). Consequently,

these times are in fact lower bounds and are given in

table 2 along with other important parameters - such as

periapsis altitude qh, apoapsis altitude Qh eccentricity

e, and semi-major axis a. The orbital period is given

in hours.

It is apparent that a laser propelled transfer

vehicle system will operate on a principle similar to that

of a large synchrotron machine used to accelerate atomic

particles. Each time the vehicle appears over the laser

transmitting station it will receive a relatively small AV.

A series of resonant orbits with increasing energy is

shown in figure 5. The duration of each burn is carefully

timed so that each new orbit is in resonance with the

moving transmitting station that traces out a circle

about the earth's rotation axis. Consequently, by apply-

ing a series of these burns, the vehicle can be accelerated

to very high terminal velocities, exceeding, for example,

the earth's escape velocity. Or the vehicle could be

placed in a synchronous orbit above the local horizon of

the laser station.

21
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q 	 Qh	 e	 a	 Period	 4t (ct7.20) Ot (u=30 t (at=40
(km)	 (km)	 (km)	 (hours)	 (sec)	 (sec)	 _(sec)

200 200 .0000 6,578.16 1.4749 128 85 60
200 500 .0223 6,728.16 1.5256 126 84 59
200 1,000 .0573 6,978.16 1.6115 124 83 58
200 5,000 .2673 8,978.16 2.3517 114 76 53
200 10 1 000 .4269 11,478.16 3•'995 107 71 50
200 20,000 .6008 16,478.16 5.84. 75 101 67 47
200 30 1 000 .6937 21,478.16 8.7017 98 66 46
200 40,000 .7516 26 1 478.16 11.9103 97 64 45

400 400 .0000 6; 778.16 1.5427 242 167 120
400 500 .0073 6,828.16 1.5598 241 166 119
400 1,000 .0424 7,078.16 1.6462 237 164 117
400 5,000 .2533 9,078.16 2.3911 216 150 107
400 10,000 .4146 11,578.16 3.4440 204 141 101
400 20 1 000 .5911 16,578.16 5.9008 192 133 95
400 30 3 000 .6859 21,578.16 8.7625 187 129 92
400 40,000 .74:0 1 26,578.16 11 .9783 183 127 90

600 600 0000 6,978.16 1.6115 348 247 179
600 1,000 .0279 7,178.16 1.6812 336 239 173
600 5,000 .2397 9,178.16 P.4 .)08 313 222 161
600 10 1 000 .4025 11,678.16 3.4888 295 209 151
600 20 1 000 .5816 16,678.16 5.9543 278 197 143
600 30 7 000 .6781 21,678.16 8.8235 270 191 138
600 40,000 .7384 1 26,678.16 12.0460 266 188 136

1,000 1,000 .0000 7,378.16 1.7520 549 404 299
1,000 5,000 .2133 9,378.16 2.5106 501 368 272
1,000 10,000 .3788 11,878.16 3.5788 471 345 255
1 1 000 20,000 .5629 16,878.16 6.0617 443 325 240
1 7 000 30 1 000 .6628 21,878.16 8.9459 430 315 232
1,000 40 1 000 .7255 1 26,878.16 12.1817 1 423	 1 309	 1 228
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Table 2

Maximum Periapsis Burn Times for Various Orbits
and for Various Minimum Beam Elevation Angles
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Thrusting arc
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laser transmitter

Initial
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r

Figure 5. - Higher energy resonant orbits during primary
boosting maneuvers based on spherical potential function 	 a
resulting in essentially constant thrusting arcs.



B. Propulsive Maneuvers for Transfer
between Low initial Orbits and
Synchronous Orbits

We shall now develop a propulsive strategy for

laser propelled transfer vehicles which receive propulsive

power from one non-equatorial laser transmitting station.

This strategy will allow economical transfer between low

initial orbits with inclination i00°and high synchronous

orbits with inclination 0°. The transfer will be accom-

plished by a series of intermittent propulsive maneuvers

that will boost the vehicle to higher and higher energy

levels that are in resonance with the power transmitting

station. The fact that laser propulsion can occur only

when the vehicle is above the local horizon of the laser

transmitter imposes unusual constraints on the burns - in

fact, constraints that are not found in any other rocket

propulsion concept. This will force the total 4V

required to reach synchronous orbit above the minimum

values associated with more conventional rockets. However,

we shall see that the possible benefits of laser transfer

vehicles will more than compensate for this slight decrease

in efficiency.

Let ^l and $t denote the latitudes of the launch

site (e.g., Cape Canaveral) and the laser transmitter,

respectively. If i denotes the inclination of the laser

transfer vehicle then in order for the vehicle to fly

directly over the laser station it is clear that i > ot.

Hence, if ^t > 01, than in order to minimize the total 4V

required to reach synchronous orbit, it is clear that the

vehicle's inclination should be equal to the latitude of

laser transmitter (i.e., i fi t). The geometry is shown

in figure 6.

1
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rotation axis

Equator

Path of lase
transmitter at
latitude of

Orbit of laser transfer vehicle ( inclination = ot)

Figure 6. - Orbit of laser propelled transfer vehicle
relative to path of laser transmitter.
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The process of delivering a payload to synchronous

orbit from the earth's surface, retrieving another payload

in synchronous orbit and bringing it down to the earth's

surface by a laser-propelled transfer vehicle is described
in Table 3 as a sequence of 11 major steps.

This study will concern itself only with steps 2,

3, 4, 8, 9, and 10, which are the steps carried out by

laser propulsion. These steps will determine the perform-
ance capabilities of laser-propelled transfer vehicles. We

shall determine this performance parametrically by

numberically simulating the flight profiles corresponding

to these steps by a digital computer using detailed
numerical integrations. The analysis will be performed

using a simple spherical gravitational potential function

and a high accuracy "pear-shaped" gravitational potential

function.

1. Analysis based on spherical
potential function

Let U denote the gravitational potential function

of the earth. If r is the position vector for any point in
space, a spherical potential is simply U = u/r

where w = GM (universal gravitational constant x mass of

earth) = 398600.7 km3/sec t (ref. 30). The equation of

motion of a free-fall vehicle moving in the field is

d2--	 = DU	 (1)
dt2

and the solution is a conic section. We assume I is
a right-handed Cartesian coordinate system fixed in
inertial space (i.e., relative to the fixed stars).
The conic orbit is fixed in space relative to 1. We
shall assume that the conic orbit is either circular
or eliptical. If its semi-major axis is given by a,

r
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TABLE 3. - OPERATIONS FOR THE DELIVERY AND

RETRIEVAL OF SYNCHRONOUS ORBIT PAYLOADS

VIA LASER PROPULSION (SPACE-BASED VEHICLE)

Step

	

No.	 Operation

1. Launch of ground-to-orbit shuttle vehicle with
payload and rendezvous with transfer vehicle via
chemical propulsion (^ly^t).

2. Transfer payload to laser vehicle and begin primary
boosting maneuvers until apoapsis reaches synchron-
ous orbit altitude via laser propulsion (i = ^ ).

t

3. Circularize orbit at synchronous orbit altitude via
laser propulsion (i = fit).

4. Change inclination to 0 0 at synchronous orbit
altitude via laser propulsion.

5. Deliver payload to targeted location in synchronous
orbit via solar (or chemical) propulsion (i = 0°).

6. Rendezvous with another payiaad at another location
in synchronous orbit via solar (or chemical)
propulsion for subsequent delivery to the earth's
surface (i = 0°).

7. Move to the initial position in synchronous orbit
via solar (or chemical) propulsion that lies on the
same meridian as the laser station (i 	 01).

8. Change inclination from 0 0 to^t via laser propul-
sion.

9. Initiate decircularization maneuver to lower
periapsis altitude via laser propulsion (i 	 ).

t

` 10. Circularize orbit at low initial orbit altitude via
laser propulsion to rendezvous with shuttle and

i transfer payload (i = fit).

y

11. Deliver payload to earth's surface in shuttle.

28



then its period P is given by

P = 21r/aVv 	 (2)

The mean motion n (average orbital angular velocity)

is given by: n = 2n/P	 -p a	 (rad/sec)	 (3)

and the energy E of the orbit is given by

E _ _ 2a
	 (4)

The orbit will be parabolic wizen E = 0.
Let 0 denote the earth's rate of rotation

about its spin axis. This constant is equal to 7.292115144

x 10-5 rad/sec (ref-30) Hence, if P s denotes the earth's

period of rotation, it follows that

Ps = 2w/0 = 86,164.099 seconds 	 (5)

This period is defined as one sidereal day.
Suppose the laser transmitting station S is off the

equator at latitude ¢t and that the inclination i of the

vehicle's orbit is also equal to fi t . If at some time T,

the vehicle passes directly over S through its zenith, it

will make future flyovers through the local zenith of S

if and only if there exist two positive integers k  and k2
such that

k1PS	 k P
	

(6)

(We assume k  and k 2 have no common divisors other than
1.) The successive station flyovers will occur at times
T„ T, + k1Ps , T, + 2k1P s ••• . The time intervals

between these flyovers is k 1P s or k  sidereal days.

During this time the vehicle will make k 2 complete orbit

revolutions. Since P s >P, it follows that kl<k2 . Any

orbit satisfying equation (6) will be in resonance with S
and will be called a resonant orbit. The integers k  and

29
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k2 will be called resonant integers. Thus, the minimum

possible time interval between two successive flyovers is

one sidereal day, which will occur only if k 1 = 1.

When the shuttle rendezvous with the laser transfer

vehicle to transfer its payload as prescribed in step 1 of

Table 3, the rendezvous orbit should be resonant with S and

have kl = 1. Assuming that this rendezvous orbit is

circular, this condition determines the possible altitudes h

of the initial parking orbit that corresponds to possible

integer values of k2 . These can be determined directly

from (6), using (5) and (2). The result is

1/3
h = 

a_Po 
- _ _ 2 

3 -Po(k26)

where po = mean radius of earth = 6371.3 km (ref. 30).

These initial orbital altitudes that correspond to various

values of k2 are given in Table 4.

TABLE 4. - INITIAL ORBITAL ALTITUDES OF

RESONANT CIRCULAR ORBITS

(Spherical Gravitational Potential Function)

Altitude	 Altitude	 Semi-Major Axis

h(km)	 h(n-mile)	 a(km)	 k2

6.1 3.3 6,377.4 17

269.1 145.3 6,640.4 16

561.1 302.9 6,932.4 15

887.4 479.2 7,258.7 14

1,255.0 677.6 7,626.3 13
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It is obvious from figure 1 that the most

desirable initial orbital altitude from the point of view

of maximizing the payload capabilities of the shuttle

is 269.1 km. But if the initial orbital altitude is

higher, the time to synchronous orbit will be shorter

because each burn over the station will be longer. (See,

for example, table 2.)

Suppose that the payload has been transferred to

the transfer vehicle and it is approaching the laser

transmitter to receive propulsive power for its initial

boosting maneuvers to synchronous orbit ( step 2 of table 3).

As soon as it rises above a specified minimum beam

elevation angle a (determined by local atmospheric

conditions at the laser transmitting station), power

transmission is initiated. (Actually, low power trans-

mission would begin a few seconds before the minimum beam

elevation angle is reached in order to "lock on" the

vehicle's energy collector. The power would then be

brought up to full strength gradually - for example, in

5 to 10 seconds - as the vehicle approaches the minimum

beam elevation angle.) The vehicle ' s thrust vector is

kept parallel to the instantaneous velocity vector for

maximum efficiency and for maintaining the orbital

inclination at i = $t.

Let kl 0' k2 0 and n 0 denote the resonant integers
r	 r

and the mean motion immediately before the first laser

propulsion period that corresponds to the initial resonant

parking orbit. In view of table 4, we shall assume that

k2,0	 16 and k1 ^ 0 = 1. Hence, n 0 	1.166738 x 10-3 . The

resonant condition (6) can be expressed as

k2,0 .

	

n0 

= 1k	

^0	 (7)
1,0

As soon as the propulsion is started, the semi-mayor axis

g

s
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of the vehicle's orbit begins to increase, which causes a

decrease in the corresponding mean motion n given by (3).

The orbital energy begins to increase according to (4).

The propulsion is continued until a new resonant orbit is

reached, which is determined when the mean motion becomes

equal to (k2,10)/k1,1 where k2,1 and k1,1 are new resonant

integers, such that k2,1/kl,l < k2,0/k1,0- Hence, the
propulsion is always terminated before the vehicle falls

below the minimum beam elevation angle. Notice that there

are an infinite number of resonant integers k 1 1 and k2 1'

such that k2,1/kl,l < k2	 1,0-0- The selection of what

pair to use for the cutoff is based on minimizing the

total time required to drive the orbit's apoapsis altitude

to synchronous orbit altitude. Hence, one should choose a

pair that will keep the time intervals between station

flyovers as short as possible (i.e., one sidereal day)

and transmit as much energy as possible during each pass.

This means that k1,1 should be equal to 1 and k2,1/kl,l

should be as small as possible. But k1,1 = 1 should always

take precedence over k2,1/kl 1' For example, assume that

the minimum beam elevation angle is 15 0 and assume that

when the beam elevation angle is 25 1 and going down during

propulsion, k21 • = 12 and k1 1 = 1, so that k2 1 /kl,l = 12.
Assume also that if the propulsion is continued down to a

beam elevation angle of 16°, (still within the power

transmission field) it will be possible to reach k2,1 = 23

and k1,1 = 2, so that k2,1 /k1 1 = 112. Sin ce more energy

would be pumped into the orbit when k2,1/kl,l = 112.
rather than when k 2,1/k1,1 = 12, one might assume that it

would be better to go for the longer burn so that the

apoapsis could be driven closer to synchronous orbit.

However, this would not be the case because the next station

flyover would be 2 sidereal days later because k 1,1 = 2'



instead of only one sidereal day if k l 1 = 1.

The first propulsion period is terminated when the

mean motion n  during the first burn decreases to the

precise cutoff value given by

k2,1

n1	
1kl^l^ 0

which corresponds to a new higher energy resonant orbit.

(In the example, k 2,1 = 12 and kl'l = 1.) After thrust

termination, the vehicle resumes its free-fall flight mode

until its next pass over the laser transmitting station.

Propulsion is resumed immediately after the vehicle rises

above the minimum beam elevation angle and continues until

the mean motion is decreased to a new resonant value,

given by

n2 = ^k2,2^0
1,2

Where k2,2 and k1,2 are new resonant integers selected

according to the procedure described above for the first

burn.

If the vehicle moves under a spherical gravitational

field, the free-fall orbit remains stationary in inertial

space. However, in view of the fact that each new coasting

orbit is resonant with the laser transmitting station,

all of the primary propulsion maneuvers will occur while

the vehicle is passing through perigee. Although this

will result in better fuel economy - because it is always

more efficient to apply propulsion when the vehicle is

near its maximum velocity - it will also result in shorter

power transmission intervals over the station. The

cumulative effect will be a lengthening of the total time

33



required to reach synchronous orbit altitude to complete

step 2.

In general, in the determination of the duration

of this i'th burn in step 2, there will always exist

resonant integers k 2 i and kl'i , that correspond to a

resonant orbit, such that k2,i/ kl,i < k2,i-1/ kl,i-1
where the new mean motion n  is given by

k2,i

n 	
\k	

0	 (i = 1,2,3, " ' )	 (8)

and where power transmission begins as soon as the vehicle

rises above the minimum permissible beam elevation angle

and ends after it arcs over the station and falls below

the minimum permissible beam elevation angle. This

situation will enable a maximum amount of power to be

transmitted during the i'th burn. But the time interval
(kl,iPs) before the next pass over the station will be

kl'i sidereal days, which generally will be very long. In

mathematical terms, this is because the rational. numbers

(i.e., quotients of integers) are everywhere dense on the

real line. For example, if n  is the new mean motion

resulting from a maximum possible engine burn that is

determined by the minimum permissible beam elevation angle

a without any regard for resonance, then for any desired

degree of accuracy a there will always exist two integers

kl'i and k2,i such that

Ini'
k21i'

0	 ( < e
1	 l,i

Clearly, if e is very small, then both of the integers

kl,i and k2 i will, in general, be very large. In
r
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practical terms, this means that although it will always

be possible to transmit a maximum amount of energy into

the orbit during any burn, the next burn opportunity will

appear only after a very long coasting time.

The total time interval T 2 required to carry out

the primary propulsion sequence of step 2 is given,

approximately, by

N-1
T2
 = (^ kl'i)Ps

Where N is equal to the total number of burns required to

drive the apoapsis altitude to synchronous orbit altitude.

The selection of the resonant integers (ki,i,k2,i) is made

with the aim of minimizing T2.

A typical set of resonant integers (kl i,k2,i)

that might correspond to step 2 of the primary boosting

maneuvers for a high power laser transmitter is given in

table 5 where N = 7.

TABLE 5. - EXAMPLE OF RESONANT INTEGERS OCCURRING

DURING THE PRIMARY BOOSTING MANEUVERS

TO SYNCHRONOUS ORBIT

(kl i,_k2,i)

(1, 16)

(1, 14)

(1, 12)

(1, 10)

(1, 8)

(1, 6)

(1, 4)

Apoapsis altitude reaches synchronous
orbit

i'th burn

Initial Orbit 0

1

2

3

4

5

6

7
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In this case, the apoapsis altitude of the vehicle's

orbit reaches synchronous orbit altitude during the 7'th

burn. It should be pointed out that when the apoapsis

is at synchronous orbit altitude (35,793 km) and the

periapsis is still at the initial orbital altitude of

269.1 km, the ratio I /P = 2.27127. Hence, k2,i/kl,i

> 2.27127 for every pair of resonant integers where the

initial orbital altitude is 269.1 km, i.e., where

(k1,o • k2,0) = (1,16).
In the above example, all of the resonant integer

coefficients k li are 1, and T2 = 6 sidereal days. In

situations where the propulsion acceleration is very low

due to low beam powers and/or high payload mass, it will

be impossible to have kl'i = 1 for all of the burns. For

example, in order to obtain (1,15) on the first burn from

the initial orbit (1,16), the first propulsive burn will

have to be capable of decreasing the orbit's mean motion

by an amount dn, given by

do = (k2,1/k1,1-k2,0/k1,0 ) 0 = (15-16)0 = -0

If this is not possible, we set k1,1 = 2 and k 2 1 = 31

and determine if it is possible to change n by the amount

6n = -0/2 during the first burn. If this is still impossible,

we set .k1,1  = 3 and k 2 1 = 47 and determine whether

do = -0/3 is possible. This is continued until the

smallest positive integer k1,1 is found, such that the

first power transmission will be capable of changing n

by the amount

5n = (k2,1/k1,1 -16/1)0

Where k2,1 = 16 k1.1 -1

This testing procedure is carried out by a digital

computer which simulates the actual flight profile of the
transfer vehicle by detailed numerical integrations.

The computer program simultaneously monitors all

1
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dynamical and geometrical aspects of the flight, including

the beam angles to the transmitter's local horizon and the

effects of the earth's rotation. Specifically, the

program will determine the maximum possible change in n

that is possible for any particular pass over the station
corresponding to a maximum burn time. That is to say, by
a burn which starts as soon as the vehicle rises above the

minimum allowed beam elevation angle and continues

uninterrupted until the vehicle passes directly over the

station and falls below the minimum allowed beam elevation

angle where the burn is terminated. The program records
the time t. and corresponding vehicle position and velocityi
vectors r . %: every time the vehicle's changing orbit- i, 1,
passes through a higher energy resonant orbit corresponding
to new resonant integers (with reasonably low integer
values). Then, when the minimum beam elevation angle is

reached, it is possible to select a specific resonant orbit

that will give the most desirable coasting period to the

next station flyover. When the most favorable resonant
orbit is selected, the corresponding time t. determines

the burn cutoff time, and the state vectors r  and vi
determine the new resonant orbit. This is the procedure

used to determine the burn cutoff time that will give the
most desirable new resonant orbit when the previous resonant
orbit had kl'i = i such as going from (kl,o ,k2,0) = (1,15)-*

(kl,lk2,1).

Returning to the example for the first burn,
suppose that the most desirable new resonant orbit has
k1,1 = 5. Then k2,1 = 79 and bn =-6/5 and the burn can be
represented by (1,16)-(5,79). Since k l'l = 5, the second

burn will be 5 sidereal days later. The procedure for
the determination of the duration of the second burn will

be different from that described above. In this case, the
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burn will be automatically terminated when the mean motion	 3

changes by -;/5 so that (k1,2 k2,2) =(5,78). In most

cases, this will always be possible because the prior burn

will not be terminated very close to the minimum allowed

beam angle a. Usually, it will be terminated at least 100

above a. This extra margin could be utilized for power

transmission on later passes in order to cbtain the required

6n. The fact that k1,2 is still kept at 5 and not changed

to 4 follows from the fact that although it will be

possible to have k1,2	 4 (where k2,2	 63 because 79/5

15.8 > 15.75 = 63/4 > 15.6 = 78/5), it may not be

possible to have kl 3 4 or k 1 ^ 4 = 4 because they would

require a minimum 5n of -^/4 instead of -^/5. But as the

vehicle's orbital energy increases after each powered pass,

its velocity increases also, which results in shorter and

shorter power transmission periods. However, this effect

is cancelled somewhat by the fact that since the vehicle

will be traveling at a higher rate of speed, the propulsion

period required to change the orbit's mean motion by a given

amount will be smaller. But these effects are non-linear.

Thus each burn will be designed to change n by an amount

equal to -0/5 until after 5 burns are completed when

k1,5 = 1. These 5 initial burns can be represented by the

arrows in the series (kl 0,k2,0 )  = (1,16) - (5,79) f

(5,78) -^- (5,77) - (5,76) •> (5,75) = (1,15) = (k1,5,k2,5).

Thus, since each burn is separated by five sidereal days,

the total time interval between the first and fifth burns

will be equal to 5 x 4 = 20 sidereal days. It might be

pointed out that if the transmitting station were located

on the earth's equator and if the inclination of the

vehicle were 0 0 , a total of 20 x 15.5 = 310 passes would

be made over the station in the same 20-day time interval

instead of only 5 for a non-equatorial station - and a
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maximum amount of energy could be transmitted during each

pass without regard to any resonance condition. Thus, for

a flight profile that remains approximately equal to the

non-equatorial case, the payload in the equatorial case

could be increased by a factor of at least 70 or 80 (with

similar increases in fuel load). This -c o, payload increase

of nearly two orders of magnitude. Perhaps the best

location for an equatorial laser transmitter is Mt. Kenya,

Kenya, East Africa, because its latitude is only 0.130

south and its elevation is 17,058 feet.

Continuing with the above example,

when (kl,5 ,k2,5 ) = (1,15) is reached after the 5th burn,

the 6'th burn will begin only one sidereal day later. A

computer analysis will be carried out for the 6 1 th burn to

determine the smallest possible integer k1,6 where
6n = 4/k1,6 . This is done in exactly the same manner

described above for the determination of kl,l for the

first burn. If the computer analysis indicates that the

smallest possible integer k1,6 = 4, for example, then the

next four burns will be represented by the sequence

(1,15) ^ (4,59) ^ (4,58) = (2,29) a (4,57) -> (4,56)
= % 1,14). But the total time interval between the 61th

and 9 1 th burns will be 4 + 2 + 4 = 10 sidereal days and

not 12 sidereal days. This is because the resonant orbit

defined by (4,58) =(2,29) will require only 2 (and not 4)

sidereal days between station flyovers. The greatest

common multiple m of kl'i and k2,i is divided out of the

resonant integers for every possible pair and represents

a reduction between station flyovers by m sidereal days.

After (1,14) is reached, a computer determination of

k1,10 will be made. This process will be continued until

the apoapsis altitude reaches synchronous orbit altitude.



The above example illustrates an important fact:

if the mean motion n can not be changed by the minimum

amount . required to have all integers k l,i = 1, which is

5n = -0, then the flight time to synchronous orbit will be

greatly increased. However, we shall see that this

situation can be partially corrected by taking advantage

of the fact that the earth's gravitation potential

function is not spherical but "pear shaped."

After the apoapsis reaches synchronous orbit

altitude (35,793 km), the primary boosting sequences

(i.e., step 2 in table 3) will be completed. The next

propulsion maneuver is designed to circularize the orbit

at synchronous orbit altitude in one continuous burn. This

corresponds to step 3 in table 3 and will occur when the

vehicle passes through its apogee. But this maneuver

requires a burn 180° away from perigee. Hence, the earth's

rotation will have to position the laser station 180 0 away

from its position during the perigee burns. Hence, after

the last periapsis burn is completed (at the instant the

apoapsis altitude reaches synchronous orbit altitude),

the vehicle will make a total of m v + 2 or bit revolutions,

and the transmitting station will make m  + 2 revolutions
on its axis, where my and m  are integers. This will put

the vehicle and transmitter at the same longitude when the

vehicle passes through apogee and will result in the

vehicle's being at maximum elevation relative to the

transmitter's local horizon. The relative positions of
the vehicle and transmitter at the beginning of the

circularization maneuver are shown in figure 7. If this

maximum elevation angle is denoted by s, then

RS sin (2$t)

cos-1

R$ + po	 2poRS cos (2$t)
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Edgewi:=e projection of orbit

Transmitter's local horizon
at time of circularization
burn	 Transmitter latitude

Laser transmitter_.

-^ ^Periapsis

Laser beam

i
Earth's equator

T
Vehicle passing through
apogee at synchronous
orbit altitude

i = ^ t

S = elevation angle

Figure 7., - Relative positions of laser transmitter and
t`	 laser transfer vehicle at the beginning of the circularization
z !

	

	 maneuver at synchronous orbit altitude (spherical potential
function).
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where Rs = distance between synchronous orbit and the

center of earth = 42164,2 km; and where p o = earth's

mean radius = 6371.3 km. Consequently, if ^ t = 31.80

then	 = 18.14°.

The integers my and mt can be determined from the

equation

(mt + 2) PS = (mv + 1 P

which can be expressed as

	

2mv +_l	 Ps
_ 	 2.27127

2m  + 1 P

where the initial orbit is assumed to be 269.1 km high.

A very close integral solution to this equation is my = 12

and mt = 5 (25/11 = 2.27273).

Hence, the circularization maneuver (step 3) will occur

mt + 2 = 52 sidereal days (5.485 mean solar days) after

the last periapsis burn of step 2. If weather conditions

over the transmitter are unfavorable for power transmission,

the next transmission opportunity will occur 11 sidereal

days later (162 sidereal days after the last periapsis

burn). In general, these opportunities occur

[(11 k-1)/2] +2 sidereal days after the last periapsis

burn where k = 1.3,5, "	 The total AV for the circulari-

zation maneuver will be 1.471 km/sec (if the initial

orbital altitude is 259.1 km). The sum of all AV's in the

primary boosting maneuvers will be 2.473 km/sec.

After the circularization maneuver is accomplished,

the vehicle will remain above the local horizon of the

transmitting station. If no further maneuvers are carried

out, the vehicle will simply oscillate between a point

42



directly over the transmitter and a point 18.14* above the
transmitter's local horizon.

The plane change maneuver (i.e., step 4) that
changes the inclination from 0t to 0 0 occurs 1/4 sidereal
days (5.98 hours) after the circularization maneuver. If
weather conditions are unfavorable for power transmission,
the next opportunity will occur 1 sidereal days later2
(3/4 sidereal days after the circularization maneuver).
These Qpportunities occur at 1 sidereal day intervals2
when the vehicle passes through its ascending or
descending node (i.e., every time the vehicle passes over
the earth's equator). If ^ t = 31.8 0 , the maximum beam
elevation angle during the plane change maneuver will be
38.89* and the required AV = 1.685 km/sec. Hence, if
the initial orbital altitude is 269.1 km and if O.E = 31.80,

then the total AV required for transfer to synchronous
orbit as described in steps 2, 3, and 4 of table 3 will
be 2.437 km/sec. + 1.471 km/sec + 1.685 km/sec = 5.593

km/sec. The maneuvers described in steps 8, 9 and 10

which will bring the vehicle back to the original parking
orbit are the reverse of steps 2, 3, and 4 with identical
AV I S. Hence, the total AV required for a complete round
trip to synchronous orbit via laser propulsion will be
11.185 km/sec. This is 2.641 km/sec more than that
required for ordinary rocket vehicles.

However, the above maneuvers will enable the laser
beam to have maximum elevation angles during all of the
power transmission periods. This AV of 11.185 km/sec
actually represents a lower bound, since it was computed
on the assumption of impulsive burns at periapsis and
apoapsis. Moreover, when we consider the solution
corresponding to a "pear-shaped" gravitational potential
function, the overall AV will be about 300 m/sec to 600

m/sec higher than this value because the burns will not
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16.0
Total AV from low earth parking
orbit ( inclination 31.8% altitude
269.1 km) to geosynchronous orbit
(inclination 0 ` , altitude 35,792.9

1	 km) and return via laser propulsion
14.0 using one earth based power trans-

mitter at latitude 31.8' = 11.184
km/sec ( lower limit)

Minimum total 4V for transfer
12.0 between low earth parking orbit

(inclination 28.6 ` , altitude 269.1
I

_ km) to geosynchronous orbit and
N return = 8 . 543 km/sec
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Figure 8. - Mass ratio versus I 8P for missions to geosynchro-
nous orbit and return for laser propelled and non-laser propelled
vehicles.
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occur at periapsis.

Although it may appear that it is much more

efficient to employ standard rocket engines that generate

the propulsive power aboard this vehicle, the high

specific impulse that may be available from a laser rocket

engine will more than offset this apparent inefficiency.

This can be seen by studying the corresponding mass ratios.

In particular, the highest possible I SP that an ordinary

chemical rocket engine can generate is about 460 seconds.

Hence, in order for a laser transfer vehicle to have the

same mass ratios as a chemical orbiter for round trip

missions to synchronous orbits, the laser vehicle will

have to have an ISP of only 600 seconds.

Figure 8 contains curves of vehicle mass ratios

versus engine ISP for round trip missions to synchronous

orbit via laser-propelled vehicles with AV = 11.185 km/sec

and ordinary rockets with AV = 8.543 km/sec (chemical, ion,

nuclear, etc.). The corresponding mass ratio for the laser

vehicle with ISP = 1,000 seconds and 2,000 seconds is

3.128 and 1.769 respectively. Since the lowest possible

mass ratio for a chemical rocket (I SP = 460 seconds) is

6.653, it is clear that the laser transfer vehicle may

have a substantial performance advantage over the chemical

transfer vehicles. Moreover, if the laser transmitter were

located on the equator, the round trip AV of 11.185 km/sec

could be reduced to only 7.816 km/sec. In this case, the

ground-to-orbit shuttle vehicle would make the plane

change maneuver during orbit insertion.

2. Analysis based on a "pear-shaped"
gravitational potential function

Suppose that the Cartesian inertial frame

introduced above has its origin at the earth's center, its
x-y plane in the earth's equatorial plane, and its
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positive z axis passing through the north pole. It was

pointed out above that if the earth were perfectly

spherical and homogeneous, its gravitational potential

function U = u/r and the orbit, defined as the solution to

equation ( 1), is a conic section. Conic orbits can be

defined geometrically in a three-dimensional space by five

"classical" orbital elements, namely:

a (semi-major axis)

e (eccentricity)

i (angle of inclination)

w (argument of perigee ; angle between line of

apsides and ascending line of nodes)

S1 (longitude of the ascending node; angle between

+x-axis and ascending line of nodes)

Figure 9 defines the classical angular orbital

elements i, w, and 0 relative to 	 If U = u/r, then all

of these elements are constants.

However, the earth is actually an oblate spheroid,

and its potential function is actually given by (ref. 31)

J	 J
U = r [1+ 22 (1-3 sin2 d) + 33 (3-5 sin2d)sind

2r	 2r

J44 (3-30 sin 2 d + 35 sin 6) +e]
8r

where sin S = r and where i2 1 J 3 and J 4 are constants

defined by (ref. 30).

J2 = +1082.70 + 0.3x10-6

J3 =	 -2.56 + 0.2x1U6

J4 =	 -1.58 + 0.5x10-6

1
)
S

d
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m = argument of perigee

0 = longitude of the ascending node

i = orbit inclination

L ,

	

	
Figure 9. - Definition of the angular classical orbital
elements i,m,Q, the line of apsides and the line of nodes.
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The term e is very small and includes all higher order

terms. This "pear-shaped" gravitational field causes the

orbital elements to change with the passage of time. it

can be shown (ref. 32) that, omitting small second order

terms,

da = 0
cat

de = 0
at

di = 0
dt

dW - 3nJ2 po	 2radians[S cos i-1] (	 )	 (9)dt 4p2 	sec

do	 3nJ2 po 	 radians)	 (10)cos i(	 nr -di -
dt	 2p2	 sec

dM _ - _	 3nJ2 po(3 cos2i-1) radians

4(1-e2)	 a2	
sec

where

p = a(l-e2 ) = orbit's semi-parameter

`j	 I
i	 1	 I
€.	 I

a

n =	 3 orbit's mean motion
It/a

M = n(t-tp )	 orbit's mean anomaly

Hence, the orbits of space vehicles about the earth are

not conics that are stationary with respect to the inertial

frame I but conics that move relative to 1. In particular,

the orbit's line of apsides will rotate at a rate at in

the same direction as the vehicle's motion, while the line

of nodes rotates in a retrograde direction at the rate

dS2 These lines are defined in figure 9. Notice that if
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the orbit's inclination i = cos -1 /175 = 63.435 2 , then

dw= 0 and there would be no movement of the line of

apsides. On the other hand, if i = 0 0 there would be no

line of nodes and hence no movement of the line of nodes

(the expression given above by at does not hold if i = 00).

Table 6 describes the values of dt = w and at = S
for various earth orbits. In addition to the above

parameters, the table also contains several others, defined

by:

Q = a(l+e) = apoapsis distance km)

q = a(l-e) = periapsis distance (km)

Qh = Q- po = apoapsis altitude above earth's

surface (km)

q  = q-p o = periapsis altitude above earth's

surface (km)

W	 dE (converted to degrees per mean solar day)

S2	 dt (converted to degrees per mean solar day)

The information given in table 6 describes how

fast an orbit's line of apsides and the line of nodes move

during one mean solar day for various orbital parameters.

Notice that for relatively low orbital altitudes (e.g.,

less than 1,000 km) the orbital motion is quite rapid.
This motion will be utilized to increase the altitude

of the laser transfer vehicle as it passes over the
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Motion of the Line of dpsides and the	
ORIGINAL PAGE IS

	

Line of lodes for Various Orbits 	
OF POOR QUALITY

	

-	 i_0°	 i=30°
a	 e	 p	 Q	 9	 Ch	 9h	 w	 w	 A

6,583 .0008 6 ,583 6,588 1 6 ,578 210 200 17.8350 12.2616 -7.7228
6,728 .0223 6 ,725 6,878 6,578 500 200 16.5403 1 1 .3715 -7.1622
61978 .0573 6,955 7.378 6,5-/8 1,000 200 14.6408 10.0656 -6.3397
8 1 978 •2673 8,336 11,378 6,578 5,000 200 6.9836 4.8012 -3.0240
6,883 .0007 6,863 6,888, 6,878 510 500 15.2592 10.4907 -6.6074
7,128 .0351 7, 11 9 7,378 6, 878 1,000 500 13.5353 9.3055 -5.8609
9,128 .2465 8 ,573 11,378 6,878 5,000 500 6.4408 4.4281 -2.7890

11,628 .4085 1 9,688 16,378 6,878 10,000 500 3.5078 2.4116 -1,5189
7,=°3 .0007 7,383 7,388 7,378 1,010 1,000 11.9383 8.2076 -5.1694
9,378 •2113 8,95.1 11,378 7,378 5,000 1,000. 5.6735 3.9005 -2.4567

11,878 .3789 10,173 16,378 7,378 10 1 000 1,000 3.0814 2.1185 -1.3343
16,878 .5639 11,531 26,378 7,378 20,000 1 1 000 1.4159 0.9734 -0.6131
31,878 .7686 13,048 56,378 7,378 50,000 1,000 0.4260 0.2929 -0.1845
56 , 878 •8703 13,799 106,378 7,378 100 7 000 1,000 0.1598 0.1099 -0.0692

106,878 .9310 14,247 206,378 7,378 200,000 1,000 0.0582 0.0400 -0.0252
156,878 .9530 14,409 1306,378 7,378 300,000 1 1 000 0.0320 0.0220 -0.0139
11,383 .0004 11,383 11,388 11,378 5,010 5,000 2.6234 1.8036 -1.--1360
13,878 .1801 13,428 16,378 11,378 10,000 I 5,000 1.4004 0.9628 -0.6064
18,878 .3973 15,898 26,378 11,378 20,000 5,000 0.6297 0.4329 -0.2727
33,878 .6641 18,935 56,378 11,378 50,000 5,000 0.1847 0.1269 -0.0799
58,878 .8068 20,557 106,378

(206,378
11,378 100,000 5,000 0.0684 0.0470 -0.0302

108,878 .8955 21,567 11,378 200,000 5,000 0.0247 0.0170 -0.0107
158,878 •9284 21,941 306,378 11,378 300,000 5,000 11 0.0135 0.0073 -0.0059
16,383 .0003 16,383 16,388 16,378 10,010 10,000 0.7335 0.5043 -0.3176
21,378 .2339 20,209 26,378 16,378 20,000 10,000 0.3234 0.2223 -0.1400
36,378 .5498 25,382 56,378 16,378 50,000 10,000 0.0924 0.0635 -0.0400
61,378 .7332 28,386 106,378 16,378 100,000 10,000 0.0337 0.032 -0.0146

111,378 .8530 30,348 206,378 16,378 200,000 10,000 0.0121 0.0083 -0.0039
161,378 .8985 31,094 306,378 16,3/8 30V,000 10,000 0.0066 0.0045 -0.0029
26,383 ..0002 26,383 26,388 26,378 20,010 20,.000 0.1384 0.0952 -0.0599
41,378 .3625 35,940 56,378 26,3j8 50,000 20,000 0.0389 0.0261 -0.0165
66,378 .6026 42,274 106,378 26,378 100,000 20,000 0.0.135 0.0093 -0.0059

116,378 .7733 46,777 206,378 26,378 200.000 20,000 0.0048 0.0033 -0.0021
166,378 .8415 48,574 306,378 26,378 300,000 20,000 0.0026 0.0012 -0.0011
56,383 .0001 56,383 56.388 56,378 50,010 50,000 O.0097 0.0067 -0.0042
81,.378 . 3072 73,698 106,378 56,378 100,000 50,000 00.0033 0.0023 -0.0014

131,378 .5709 88,562 206,378 56,378 200,000 '50,000 0.0011 0.0008 -0.0005
181,378 .6892 95,232 306,378 56,378 1300,000 50,000 0.0006 0.0004 -0.0002
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laser transmitter during the primary boosting sequence.

This will result in longer power transmission times and
consequently, greater velocity increments during each

pass. The cumulative effect of these increased velocity

increments will result in a significantly shorter time

interval required to reach synchronous orbit altitude

compared to a purely spherical gravitation field.

We shall now derive a formula, analogous to

equation (8), for the determination of resonant orbits

where the orbit's line of apsides and the line of nodes

precess under the influence of an oblate spheroid central
body. As in the case of a spherical central body, this

formula will provide the means for determining the dura-

tion of each successive engine burn, during the primary

boosting maneuvers to synchronous orbit, such that the

resulting orbits at the instant of engine cutoff will be

resonant with the laser transmitting station.

The constant motion of an orbit's line of nodes

due to the motion of the orbital plane about the earth's

rotation axis (see figure 9) can be viewed with respect

to the earth's surface as being due to a speed-up of the
earth's rotation to a new value given by 0 - L (The
value of S is negative.) This will produce an apparent
period for the earth's rotation P s given by

P1	 27r	 (12)
0-52

By assuming that the earth's rotational period is P1
instead of P s , the orbital plane will appear stationary

relative to the fired stars (i.e., relative to 1).

Suppose that the line L(t) generated by the
station's local zenith and the center of the earth O at

some instant t, intersects the stationary_ orbit at a

point A when the vehicle is also at that point (see

figure 10). We can assume that the station lies on this
€, 1
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Speed up of earth's rotation rate
from a toe 4 so that orbital plane

appears stationary

Station's zenith line L(t)
at time	 Station's zenith line

L(t l) at time tl

Stationary orbital
plane obtained by
speeding up earth's
rotation rate

R

orbit at time t 

Y

^.	 I
C

O //\

i

^-A	 i..

,,,,^' Line of
apsides at
time t1

Line of apsides
at time t >tl

orbit at time t >tl due to rotating
line of apsides in orbital plane

Figure 10. - Station-vehicle synchronization geometry
for precessing orbit.

t=` ^
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line. The line L(t) traces out a cone C relative to E
that has its vertex fixed at the earth's center 0. This

cone C passes through (or is tangent to) the stationary

orbital plane at line L(tl) fixed in this plane (i.e.,

fixed in	 The station's zenith line L(t) will be

coincident with L(t1) in the orbital plane at intervals of

time equal to P 1 seconds where PS is given by (12). Hence,
it will be coincident with L(tl) at times t i , tl+Ps,
t1+2Ps, t1+3Ps, ••• . But since the orbit itself is
rotating within the stationary orbital plane at a rate
w radians/sec, the zenith line L(t) will intersect

different points of the orbit after each revolution of the

station.

Let n and P denote the orbit's anomalistic mean

motion and anomalistic period respectively (ref. 33).

Then

P 2rn

This is the time interval between two successive perifocal

passages. However, since the perifocal point is itself

rotating about the earth's center 0 in the stationary

orbital plane at a rate w radians per second where the

time for one complete revolution is 2w/w, it follows that

the time interval P1 that the vehicle requires between

two successive intersections of the fixed line L(t 1) is
given by

P1 = 27T ..	 (13)
n+w

At the time tl the vehicle is passing through the station's
zenith line L(tl). Thus, in order for the vehicle to

pass through the station's zenith during every revolution

of the station, PS and P1 must be related by the equation



where k is a positive integer. The integer k is approxi-

mately equal to the number of perifocal passages, (i.e.,

orbit revolutions) the vehicle makes between successive

station flyovers. However, this integer is exactly equal

to the number of times the vehicle moves around the earth

during the time interval PS.
In order fnr the vehicle to pass through the

station's zenith at intervals of k  revolutions of the

laser station, where k  is a positive integer, there must

exist a second integer k 2 such that

k1P1 = k2 P 1	(14)

This equation is analogous to equation (6) derived for

non-precessing orbits. Upon substituting equations (12)

and (13) into this equation, we obtain

k2,i	 .
n  + wi =	 (0-a i )

kl,i

where the subscript i refers to the value of the corres-

ponding quantity after the i'th engine burn (i = 0,1,2, • • 0 .

This equation is analogous to equation (8).
The actual transfer of payloads to and from

synchronous orbit is carried out according to table 3. In

particular, the primary boosting maneuvers of step 2

(table 3) are carried out by exactly the same methods

already described for the case of a spherical potential

function. For example, in the case of a spherical potential

function, each integration step during the primary thrusting

maneuvers required the calculation of the orbit's instan-

taneous semi-major axis a and instantaneous mean motion n 

given by equation (3) in order to terminate the burn when

the desired solution to equation (8) is reached. In the

case of the "pear-shaped" potential function, the orbit's

t. 1

(15)
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instantaneous semi-major axis a is also computed during

each integration step. But in addition to calculating the

instantaneous mean motion ni , the orbit's instantaneous

anomalistic mean motion ni is also calculated by

equation (11). Moreover, the instantaneous values of wi

and Q.
3.
 are also calculated by equations (9) and (10) so

that the burn can be terminated as soon as the desirable

solution to equation (15) is reached. This is the only

difference that results from replacing the spherical

potential function with the "pear-shaped" potential

function during step 2 of the primary boosting maneuvers.

Figure 11 describes the rotation of the orbit's

line of apsides in its orbital plane R between successive

thrusting maneuvers and the thrusting field of the laser

transmitter (defined by the minimum beam elevation angle)

as it intersects R when the vehicle passes through its

zenith. Notice that as the orbit is progressively rotated

in R, more of its arc falls into the transmitter's thrusting

field. This results in a greater thrusting time during

each successive flyover. Thus, the time required to reach

synchronous orbit is significantly reduced. Since orbit

rotation does not occur with a spherical potential function,

the duration of successive thrusting maneuvers does not

increase. Although this results in greater propulsion

efficiency, since the burns will always occur during

periapsis passage, this benefit is offset by the longer

flight times. If the vehicle acceleration is very small

during the thrusting maneuvers because of low beam power

and/or high payload mass, this shortening of flight time

to synchronous orbit will be significant.

The determination of the time interval between

the last primary boosting maneuver of step 2 and the

circularization maneuver of step 3 will be different for
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Thrusting arc corresponding to
120° rotation of line of apsides

Thrusting arc corresponding to
60° rotation of line of apsides

r

nimum beam
elevation

Local
horizon of

laser
transmitter

Initial thrusting arc

Minimum
a	 of	 beam elevation

/ /	 Laser transmitter

Surface of earth

Initial p
orbit

II

Stationary orbital plane containing precessing orbits R

Figure 11. - Higher energy resonant orbits during primary
boosting maneuvers based on pear-shaped potential function
resulting in increasing thrusting
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the case of a "pear-shaped" potential function. This is

because the periapsis altitude at the end of the primary

boosting maneuvers will be much greater than the initial

orbital altitude. ( In the spherical case these

altitudes are nearly equal.) In addition, the vehicle's

true anomaly could have any value at the end of the last

boosting maneuver. ( In the spherical case, the vehicle's

true anomaly will be close to zero.) We shall now give

a simple method for calculating this time interval for the

"pear-shaped" potential field.

It will be convenient to begin the circularization

maneuver of step 3 when the vehicle passes through apogee.

Thus, at the time t2 when the last boosting burn of step 2

is terminated (when the apoapsis reaches synchronous orbit

altitude), the time interval At to the next apogee passage

is calculated. The orbit's anomalistic period P at cutoff

is also calculated. The time t is then advanced by

discrete jumps equal to

t(k) =t2+At+k.

where k = 1,2,3, " ' . These times correspond to successive

apogee passages. The position vector of the vehicle

relative to the transmitting station and its elevation

angle S(k) relative to the station's local horizon is

calculated for each value of k. The burn for step 3 is

started when an integer k is found such that S(k) > a

where a is equal to some pre-determined minimum allowed

beam elevation angle and such that S will increase

(locally) when time t is allowed to increase continuously

from t(k). As in the spherical case, the burn is

carried out in one continuous burn until the orbit has

been circularized at synchronous orbit altitude. This

will complete step 3. The numerical results show that

<A



the beam elevation angle during this maneuver will be

greater than the one resulting from the corresponding

maneuver formulated on the basis of a spherical potential

function (as previously described). This result, however,

is actually inherent in this method.

If the vehicle acceleration is very low due to low

beam powers and/or high payload mass, the plane change

maneuver of step 4 will take place by a series of burns

with thrust vector normal to the vehicle's instantaneous

velocity vector. Each burn occurs when the vehicle

approaches one of its nodes. This burn sequence is

continued until the vehicle's inclination is zero. As in

the spherical potential case, the laser propulsion

maneuvers for steps 8, 9, and 10 (that return the vehicle

to the initial parking orbit) are essentially the reverse

of steps 2, 3, and 4.

3. Numerical comparison of trajectories
to synchronous orbit_u -ing spherical
and pear-shaped potential functions

Two computer programs were constructed according to

the above algorithms to numerically simulate round-trip

trajectories to synchronous orbit by laser propelled

shuttle orbiters. One program was based on the spherical

potential function and the other on the pear-shaped

potential function. Each program took the vehicle through

steps 2, 3, 4, 8, 9, and 10 of Table 3 automatically

(using detailed numerical integrations) without inter-

ruption for a complete flight simulation. The coasting

periods were computed by closed form conic equations which,

in the case of the pear-shaped potential, were rotated in

I by rotation matrices determined by the precession

equations (9) and (10). The mathematical formulation was

based on the vector methods developed for gravity thrust

r	 ^
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trajectories (ref. 34). Since the details involve

astrodynamic concepts not particularly relevant to the

central aim of this paper they shall not be discussed

here. However, they proved to be very convenient for this

study.
In order to evaluate the possible benefits of

using the pear-shaped potential function over the

spherical function, the two programs were run with

identical initial conditions. These initial conditions

were:
vehicle dry mass = 4,648 kg

propulsive power = 60 MW

engine ISP = 700 seconds

engine thrust = 17,481 N (3,930 lbs.)

initial orbital altitude = 269.1 km

initial orbital inclination = 31.8°

payload up = 3,000 kg

payload down = 0 kg

As expected, the most striking difference between

the trajectories appeared during the primary boosting

maneuvers of step 2 (Table 3). The results, corresponding

to spherical and pear-shaped potential functions, are

shown in Tables 7 and 8 respectively. These tables and

subsequent tables will use the following notation:

Duration = burn duration (seconds)

(kl,i ,k2,i ) = resonant integers

T = time at beginning of burn interval (measured

from start of first burn in days)
Fuel = amount of fuel burned during a burn interval (kg)

j
	 Apoapsis = apoapsis distance after a burn interval

is completed (measured from earth's center in km)
Periapsis = periapsis distance after a burn interval

is completed (measured from earth's center in km)

t
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a = orbit's semi-major axis after a burn interval is

completed (km)

e = orbit's eccentricity after a burn interval is
completed

Dl = distance between laser transmitter and vehicle

at beginning of power transmission (km)

D2 = distance between laser transmitter and trans-

mission interval (km)

al = bewT. elevation angle with respect to the trans-

mitter's local horizon at beginning of power

transmission (deg) - this angle is always 15°

during the primary boosting maneuvers

02 = beam elevation angle at end of power transmission

interval with respect to transmitter's local

horizon (deg)

Figure 5 describes the effect of the primary
boosting maneuvers of a laser transfer vehicle moving under

a spherical potential function and figure 11 describes

the effect of the primary boosting maneuvers of a laser

transfer vehicle moving under a pear-shaped potential

function. Notice that in the spherical case (Table 7) the

power transmission intervals generally decrease with each

new burn while in the pear-shaped case (Table 8) they

increase to almost double their initial values. The

total time required to boost the orbit's apoapsis to

synchronous orbit altitude is only 18.7 days for the pear-

shaped case which required 10,509 kg of propellant. In

the spherical case, 9,055 kg of propellant was used over

a time period of 40.9 days. Although 1,454 kg of addi-
tional propellant is consumed in the pear-shaped case
(because of the non-periapsis propulsion), the flight time

is reduced by more than 50%. The time reduction rela-
tionship between the spherical and pear-shaped cases is
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highly non-linear so that if the payload is doubled the

time reduction -rill be much greater than 508. The

circularization and plane change maneuvers for insertion

into synchronous orbit are given in Table 9.

Of course, the actual trajectories will always

correspond to the pear-shaped potential because it is

the actual potential function of the earth. However, it

is important to analyze the trajectory differences that

are introduced when using the two potential functions. If

these differences are minor, then the spherical potential

could be used as it simplifies the analysis. But in view

of the above calculations, these differences are very

significant and represent a definite improvement in

performance. Consequently, all laser propelled transfer

trajectories between low initial orbits and synchronous

orbits computed in the parametric mission analysis studies

will use the high accuracy pear-shaped potential function.

It should be emphasized, however, that the method for

determining the resonant integers (kl i•k2,i) for the pear

shaped potential is the same as that discussed in the case

of the spherical potential function.

C. Laser Propelled
Injection Maneuvers

In addi_ion to determining the performance capa-

bilities of laser propelled transfer vehicles on missions

to synchronous orbit, it is also important to consider

the capabilities of these same laser propelled vehicles

in injecting payloads onto interplanetary escape trajec-

tories. Since a fair proportion of all shuttle flights

in the 1980s and 1990s will require lifting second

stage injection vehicles along with their payloads
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TABLE 9. - CIRCULARIZATION AND PLANE CHANGE MANEUVERS OF LASER PROPELLED
INT&RORBITAL TRANSFER VEHICLES

WITH 3,000 kg PAYLOAD

(I SP= 700 sec, propulsive power = 60 MW)

Parameter

Circularization Maneuver!	 Plane Change Maneuver
I

:
Spherical .I Pear-Shaped Spherical 	 Pear-Shaped

i

Burn No. 29 18 30 19 20

Duration (sec) 19645. I	 1719.3	 Ii
1498.2 1214 i	 372

i	 T	 (days) 46.3427 ;	 20.3038 46.5935 21.0139 21.5303

Fuel	 (kg) 4191 4378 3815	 i 3092 1	 947

D1 	(km) 39402 39724 37003 37059 37237

i 0 1 	(deg) 18.20 18.59 49.07 53.33 i	 50.37

D	 (km) 39611 39796 36874 37181 37228

I	 S 2	 (deg)
L

18.08 19.40
I	 51.09	

I
I
l

51.27 50.50

Total fuel burned during both maneuvers (spherical)	 = 8005 kg
i
Total fuel burned during both maneuvers (pear-shaped) = 8417 kg
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for injection onto interplanetary trajectories (ref. 21),

it would be very economical if such injections could also

be accomplished by a "standard" laser propelled transfer
vehicle.

It has been estimated that by 1980 there will be

250 nuclear powered electric generating plants on line

within the United States. Although the total annual
tonnage of the resulting waste products will not be great
(about 2 tons per GW per year) they will be highly

radioactive with half-lives running into the thousands of

years. Safe disposal on earth will be extremely

difficult if not impossible over these geologic time

periods. But this disposal problem could be completely

and permanently solved by simply injecting the waste

materials onto interplanetary trajectories that will take

them directly int,:7 the sun. The required injection

energies can be significantly lowered by using transfer

trajectories to Jupiter where that planet's strong gravi-

tational field can be utilized to redirect the payload

directly into the sun without requiring any additional

major propulsive maneuvers (ref. 20), snabling a

substantial increase in payload. The potential long-range

economical benefits in this method of disposal may be very

great if an economical injection vehicle could be

developed. Recognizing that the possibility of injecting

scientific payloads to Mars and Venus is an important

possible application of laser propelled shuttle orbiters,

we shall restrict ourselves in this report to the

investigation of laser propelled injections to Jupiter.

Obviously, if a significant payload can be injected onto

an interplanetary trajectory to Jupiter via laser propul-

sion, then it will be possible to inject much more massive

payloads to Mars or to Venus by these vehicles because

t
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the injection C is (C3 is the square of the hyperbolic

excess velocity) required to reach these planets will be
much lower. we shall assume that the Jupiter injection C3

= 120 km2 /sec 2.

1. The determination of optimum
pre-injection orbits for laser
propelled injection maneuvers

The escape mass during an injection maneuver can

be increased if the maneuver is carried out when the

vehicle approaches the periapsis point of a highly eccen-

tric pre-injection orbit. However, the geometrical

constraints on laser propelled vehicles impose constraints

on the pre-injection orbits. For example, since the

injection vehicle will place itself in the desired pre-
injection orbit by laser propulsion before the actual

injection maneuver takes place, all of the pre-injection

orbits will have to be resonant with the laser transmitter

on the earth's surface. In order to increase the propul-

sion efficiency of the injection maneuver, the pre-injection

orbit will be highly eccentric and the injection maneuver

will begin when the vehicle approaches perigee where its
velocity is maximum. The greater the eccentricity, the

greater the propulsion efficiency. Thus, optimum pre-

injection orbits will have very high apoapsis altitudes.

In view of Table 6, these orbits will have almost no

movement of the line of apsides or the line of nodes and
the potential function can be taken as spherical. Hence,

in view of the resonance condition, the period P of the
pre-injection orbit must be related to the earth's

rotational period Ps by equation (6) where k and k  are

integers. For highly eccentric orbits P > P s and hence

k1 > k. The time interval between successive transmitter
flyovers in the pre-injection orbit will be k 1Ps or simply

r,

E1
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k  sidereal days. In order to make k  as small as

possible without reducing the synchronization ratio P/Ps

(and eccentricity) the integer k will always be 1. Hence,

the resonance equation for pre-injection orbits becomes

klps = P
	

(16)

Consequently, when the vehicle is in its free-fall, pre-

injection orbit, it will always pass through its perigee

when it passes directly over the laser transmitter.

Notice that if k  is an even integer, the vehicle will

also pass through the transmitter's meridian plane when

it passes through apogee. Since the transmitting station

is not on the earth's equator, the vehicle will not pass

directly over the station when it passes through apogee

as it will during periapsis passage. However, it will be

fairly high in the sky above the station ' s local horizon

because of its high apoapsis altitude. The elevation angle

$ can be computed from the equation

_1	 Q sin (2^2)
6 cos

3Q2 + PO - 2ppQcos(2^2)

where Q denotes the apoapsis' distance from the earth's

center.

When equation (2) is substituted into the

resonance equation (16), the semi -major axis a of the

pre-injection orbit is determined by

1/3

a =	 V (k2ns 

2	

(17)

Although the 
/
injection propulsion _ efficiency

increases with increasing synchronization ratio, it

becomes impractical to use synchronization ratios higher 	 a

a
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than about 12 because of the long time intervals between

successive station flyovars. If weather conditions are

unfavorable for the injection maneuver, the next oppor-

tunity will occur P/Ps sidereal days later. But launch

windows for injections to Jupiter with C 3 < 120 km2 /sect

are only about 60 days long. Unless the injection occurs

within the launch window it will be impossible to reach

Jupiter with the prescribed injection C 3 , and the flight
will have to be postponed until the next launch window.

But this would mean a delay of about 400 days because

launch windows to Jupiter are separated by approximately

400 days. In order to increase the probability of

finding favorable weather conditions for the injection

maneuver, the period of the pre-injection orbit should be

such that a maximum of at least 10 passes per window is

available. Hence, for a 60-day window, the synchroniza-

tion ratio should be equal to 6.

Unlike the preliminary boosting maneuvers to the

pre-injection orbit, the injection maneuver will be

carried out in one long continuous burn which, when

started, must be continued until the required injection C3

is reached. It would be impractical to provide the extra

fuel necessary for retrieving the vehicle once it attains

a significant velocity above escape velocity. Extremely

long-range transmission distances are very desirable

because they will allow more energy to be transmitted to

the vehicle, increasing the injected payload capability.

Hence the atmosphere above the transmitter will have to

be extremely clear during the injection maneuver.

After selecting a desirable synchronization ratio
P/Ps , the semi-major axis of the pre-injection orbit is

determined by equation (17). Since the inclination of

the orbit is equal to the latitude of the laser transmitter,
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the pre-injection orbit will be completely determined when

the eccentricity and time of periapsis passage are

determined. The latter is determined by the required

interplanetary transfer trajectory, so the eccentricity

is the only parameter remaining to be determined. This

variable will be determined such that the injection mass

is maximum for any given value of ISP and propulsive

power. In order to determine the max'-mum injection mass,

we shall assume that the thrust vector is always aligned

with the vehicle's instantaneous velocity vector. Also,

due to the high injection C 3 , there will be no attempt to

retrieve the laser propelled transfer vehicle by retro

propulsion once the desired escape velocity is reached.
It will be injected along with the payload.

Let Dmax be equal to the maximum possible, full
power, transmission distance which occurs when the beam

diameter at the vehicle is equal to the vehicle's main

reflector diameter. (see figures 3A, 3B and 3C) We shall

assume that the reflector's diameter is 50 meters (164

feet) and Dmax - 50,000 km. At this range, the reflector
subtends an angle of 10 6 radians or .206 arc-seconds at

the transmitter. I£ the distance between the vehicle and

the transmitter is equal to Dmax when it first appears
above the transmitter's minimum beam elevation angle a

while approaching perigee, the time spent within the full

power transmission field of the transmitter during the
injection maneuver will be maximum. This will maximize

the energy transmitted to the vehicle during the injection
maneuver. It should be noted, however, that in practice,
the power transmission would probably not be terminated
when the vehicle reaches Dmax' In this case, the maximum

injection payloads determined here will be lower bounds.

?1
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For any given value of the synchronization ratio

P/Ps , the initial conditions t = ti , S = a, D = Dmax will

uniquely determine the eccentricity. This can be shown as

follows;

When P/Ps is given, the semi-major axis is determined by

equation (17), consequently, the vehicle's position vector

R(e,t) is a function of only time t and eccentricity e.

Let p(t) denote the position vector of the laser trans-

mitter that is rotating about the earth's rotation axis.

The position vector D of the vehicle relative to the

transmitter is given by

D = R(e,t) p(t) = D(e,t)

Hence, the initial conditions t = t l , g a, D = Dmax

can be expressed by the equations

0(tl ) . D(e,t1 = sin a	 (18)
D(e,t"1 ) = Dmax

where

P = P D = D

This is a system of two scalar equations in two unknowns

t1 and e. It is convenient to measure time with respect

to the pre-injection orbits' time of periapsis passage

where t 0.

Hence, ti < 0. The solutions to (18) corresponding to

various values of P/P s determine the optimum pre-injection

orbits. They are given in Table 10. Figure 12 describes

the optimum pre-injection orbit for P/Ps = 6. The angle
Oi is defined by the equation

0i	 9ti	 (i = 1,2)

The time t2 corresponds to the time at which the injection

maneuver is terminated. Note that in Table 10 the
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a m ÊE m o o a
N C L ri

V—

OIF^W
N M m c

Dr

U
1 Ln N Cm

41 to m C 11-1
N OD m m

U
U
W-	
14
O•r, to r 0 m
so N 04 tn
£	 5 N o r- O

E	 b m ko
Ni
O N

N .9 H H N
N

O.H
b
•rl -H	 N l0 N O N
c 4i a d

U

N

1 : 1

.^1

t
71 ^Aqq

'	 3
_s

0H
H

yW

5
H

CD

a
a
a
W
N

Oa
NHN

O

0
Fi

U
w

z
FWWi
Ria

O
E
M
E
O
I

O.-1

a

W

r-in
n

a+6

OO0
0N
II

o^

a`

r-i

ts



:>4
tm

;4

0)

x
r4
4J

0
•14 44
41

41
4J •,I

$4

4) 0 >
r-4 :J
0 z a)

4 0	 ^::
.0 4	 0
4) 4-1

>

0
4

-A 4J

P4

-H
41 	$4
04 0
0 ro

0•
C*q (a
•-i	 U)

.14
to

aro
4-)

I

4-^

0
z

\4J

0
44 -A

U

0 41 m
Id -

/
0) 41 C
ra m V
0  $4
4J M rd 9:
•14	 4) pq A
4.)	 Wrl 0 W

>
4-)
Idr
Id r. 0
4J (d 0
m

C)
0 Ln
.rl

r: 4J
IdU
0) W

72

4-J

41
.A

r-4

'(0 4-J

14

41 4)

d 4.)
uj

M 4J

i 4J
0

54

0454
0

44
0 r.

0
4) -A
a) 4J
tyl

a m

4J

0 0
0 *401

Om

4.)4

U ^4



minimum beam elevation angle a is set at 17 ° instead of

15 0 . This is because the vehicle ' s elevation angle 0

actually begins to decrease after rising slightly above 150

for a few hundred seconds, then drops to a low of about

13.4° before it begins to climb monotonically above 15°

(until reaching its maximum of 90 0 at perigee). This

initial decrease in B will also occur during the injection

maneuver unless the propulsive acceleration is very high.

This is due to the fact that during this time, the earth's

rotation causes the line of sight to fall at a faster

rate than the rate of increase caused by the vehicle's

orbital motion. But by beginning the injection maneuver

as soon as the vehicle's elevation angle reaches 171

instead of 15°, the beam will only fall to a minimum of

about 15.4 0 before the monotonic increase begins. This

will prevent the beam from dropping below the 15° limit.

2. The determination of optimum
injection maneuvers which will
maximize injection mass For—

eprescribd values of ISP andpropulsive power

The above analysis only determines the optimum

pre-injection orbit which corresponds to a specified value

of the synchronization ratio P/Ps . These orbits are
completely independent of engine I SP and propulsive power.

Suppose that a laser propelled vehicle with a prescribed

ISP and propulsive power is in an optimum pre-injection

orbit. The optimum injection maneuver which will maximize

injection mass can be computed as follows:

Let m0 and m  denote the vehicle's dry mass and

propellant mass respectively, at time tl when the

injection maneuver begins. (As mentioned above, the

^i
thrust vector is aligned with the vehicle ' s instantaneous
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3

velocity vector.) An integration process that simulates

the thrusting maneuver begins at time t  when the vehicle

is 50,000 km from the transmitter and has an elevation

angle of 170 . The integration simulating the propulsion

maneuver continues until the required injection C 3 is

reached, which in our case is 120 km 2/sect . If the fuel

is exhausted before the required injection energy is

reached, or if the transmission distance D is less than

Dmax when the required C3 is reached, the time t is reset

to t l , mf will be increased and the integration is

initiated again. An integration-iteration process is

carried out which will determine m f such that when the

required injection energy is reached, the transmission

distance D is precisely equal to the maximum, full power

transmission distance Dmax' This will allow a maximum

amount of energy to be transmitted to the vehicle during

the injection maneuver, resulting in a maximum injected
mass.

Let mf denote the solution to the above integration-

iteration process. Let mb denote the mass of fuel
actually burner during this optimum injection maneuver.

Consequently, the maximum payload mass mp can be calcula-

ted by the equation

mp = mf -mb	(18)

The total injected mass M is given by

M = mo + Mb + mp	 (19)

For some combinations of Isp and propulsive power,

it is impossible to reach the required C3 without
continuing the propulsion beyond the maximum full power

transmission distance Dmax. In these cases we shall

assume that the required injection is impossible. However,

c
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this is actually not the case because after Dmax is
reached, power transmission will still be possible

although it will be decreasing inversely by the square of

the distance.	 Likewise, the maximum payload mass mp

determined by (18) will be less than the actual maximum.

It will, in fact, represent a lower bound on the maximum

payload.	 As mentioned above, we shall also assume that

the laser injection vehicle and payload are brought up and

placed in the optimum pre-injection orbit by its own laser

propulsion system. 	 Thus, the flight begins from the

_	 initial shuttle parking orbit.

An extensive parametric analysis was carried out

to determine the optimum combinations of synchronization

ratios, ISP , and propulsive powers needed to maximize

-	 injected payload and minimize fuel expenditure.

D.	 Optimum Specific Impulses of
Laser Propelled Vehicles for
Achieving Maximum AVs During
One Burn Maneuvers

Since laser propelled vehicles must remain within

the operational range and line of sight of the power

transmitter during all propulsive maneuvers, these

maneuvers are limited to relatively short periods of time.

This time constraint does not exist for vehicles that 1
3

develop their own propulsive power. 	 These limitations are

particularly evident during the primary boosting maneuvers

to synchronous orbit. (or to the pre-injection orbits) and

during an injection maneuver since the injection must be

achieved during one pass over the transmitter in one

continuous burn.	 Thus, the specific impulses of laser
g
W

propelled vehicles should be selected with these
3

limitations in mind.	 Although the final selection of ISP
will be based on parametric performance studies to be
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considered later (and on physical limitations of the

engines) it is useful to derive theoretical optimum

values of the specific impulse, propulsive power, duration

of thrusting period, final mass, and resulting OVs for

one burn maneuvers.

1. The determination of optimum ISp
that will deliver a given AV
in least time

Suppose that a particular maneuver requires a

specified AV. We shall determine the optimum engine ISP

that will enable the maneuver to be executed in the

smallest possible time interval, and the duration of this

time interval.

Let T denote the thrusting time of a particular

propulsive maneuver that is required to achieve a specified

AV. We shall assume that the thrust vector is kept

aligned with the vehicle's instantaneous velocity vector

at all times. If m denotes the mass flow rate (also

assumed to be constant) it follows from the rocket

equation that

M+mT = exp(OV/u)M

where M denotes the total vehicle mass after the burn is

terminated. For the time being, M is assumed to have a

specified value. Hence, it follows directly from (20)

that

T	 m [exp(AV/u)-1)
	

(21)

The propulsive power p (which is also assumed to be

constant) is related to u and m by the equation

p= 1/2*u2
	

(22)
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Therefore, by substituting this equation into (21) we

obtain

T(u) = Ku2 [exp(4V/u)-1)	 (23)

where K = M/2p = constant. By defining the function

F (u) by

F(u) = u2 (exp(AV/u)-1)	 (24)

equation (23) can be expressed as

T(u) = KF(u)	 (25)

In order to determine the optimum exhaust velocity

u  that will minimize T for any specified values for M,

p, and AV, we solve the equation

dT _ dF
du - K du	 0	

(26)

where

dF = 2u[exp(AV/u)-11+u2exp(AV/u)(-AV/u2)

By introducing a new variable x defined by

x = OV/u	 (27)

the solution to (26) can be obtained by solving the

equation

(1- 2 x) expx=l

The solution is x = xo = 1.593624. The fact that this

solution will indeed minimize T can be proved by noting

that

F
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d 2TI 	 K 12F X 2 I = KAV2 (ex x -2]	 2 > 0
dug	dx2 (du	 I	 x3	 p o	 (du/

1 	 x 	
o

Therefore, the optimum exhaust velocity u  which will

minimize T for any given AV is given by

	

u  = AV/x0	(28)

It is a rather significant and remarkable fact that this

optimum exhaust velocity is completely independent of the

vehicle's mass M at the end of the burn and the propulsive

power p. The corresponding optimum specific impulse is

given by

ISP (optimum) = 9 = 63.9871(sec 2/km)Av	 (29)

where AV is given in units of km/sec.

The actual minimum power transmission time can

be calculated by substituting (28) back into (23). The

result is

Tmin = 772069.3(M/p)AV 2 seconds	 (30)

where AV, p and M are given in units of km/sec, watts

and kg respectively.

It is interesting to apply this equation to the

problem of propelling a rocket from rest, on the earth's

surface, to orbital velocity via laser propulsion (ref.13).
The minimum 4V required for such a launch is approximately

8.22 km/sec (including gravity losses). Hence, the

minimum propulsion time required for the launch is

Tmin - 5.2167 x 107(M/p)

when the standard ascent profile is used (to minimize g

losses) the maximum possible transmission time that is
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possible (before the vehicle drops below the transmitter's

horizon) is about five minutes ( 300 seconds). Hence, the

minimum required power to payload mass ratio is

p/M (minimum) = 174 (KW/kg)

In view of (29) the corresponding I SP = 526 sec.

If the inefficiencies in converting beamed power

to propulsive power are neglected, the t-t:al energy E

transmitted to a laser propelled vehic.'te during the maneuver

is given by

E=pT

Hence, in view of (30) the minimum energy required to

produce a given AV is given by

Fmin = 772069.3 M AV 

The corresponding optimum I SP is given by (29).

2. The determination of optimum

ISP that maxunizes AV

Suppose that the thrusting time T, final mass M

and propulsive power p have prescribed values. The

optimum ISP that •rill maximize AV for these prescribed

values can be determined by finding the maximum of 4V(u)

given by the equation

AV(u) = u log (1 + T2)
	

(31)

Ku

This equation follows directly from (23) where K = M/2p.

The solution can be obtained by solving the equation

du	 Ku
V _ log(1+ T2	

1+
) + u	 1T2 ̂-2

	

0
— Ku
Ku
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By introducing a new variable y defined by

y 1 + T2	 (32)
Ku

the above equation becomes

d_QV = log y - 2(Y-1) = 0—2u	 y

The solution to this equation is y O = 4.921554. The fact

that this solution maximizes AV can be proved by noting

that
2

d DV

	

1 _ 2_ 	 12T_ < 0

dug	YO	 Y2	 I: u3
YO

Upon substituting y O into equation (32) we obtain

u -	 T	 (33)
^K (Y0-l)

When this result is substituted into equation (31) it

follows that

Qu = log yO = 1.593524 = xO

or

AV = x 0 	 (34)

Notice that this equation is the same as (28). Hence, the

ISP which maximizes AV for gaaen values of p, T and M will

also be equal to the ISP wh:,.n minimizes T. We expect

this result because if T were not the minimum, for the

maximum AV, then it follows from equation (31) that AV

could be increased by increasing T without changing U. p

or M, which its impossible because 4V is maximum.
-a

80

^' 1

i
i



In view of equation (33) the optimum exhaust

velocity u0 can be expressed by

u0 = .7141442/EE 	 (35)

and

ISP(optimum) = .0728223 M	 (36)

3. The determination of optimum
Isp that maximizes final mas

In this case we assume that the thrusting time T,

AV, and the propulsive power have been specified. Hence,
it follows from equation (25) that the total mass M after
the propulsive maneuver is given by

M(u) = 
2pT
F(U)

Since (F(u) is minimum when u = uO , the maximum burn out

mass is

M(maximum) = ,F(u = 1.29522
o	 eV

(37)

Neglecting energy conversion inefficiencies, the total

energy E transmitted to the vehicle is given by E = pT.

Consequently,

M(maximum) = 1.29222E (38)
AV

The above results can be summed up as follows:

The optimum ISo given by (29) will:

(a) minimize T if M, p, and AV are given

(b) maximize AV if T, M, and p are given (in this case

u is given by (33) and ISp = u/g)

(c) maximize M if T, AV, and p are given

(d) minimize p if M, T, and AV are given 3
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(e) minimize the requii

M and AV are given

A curve of the optimum ISP
It is interesting

exhaust velocity u 0 will i

ratio regardless of AV. This result follows directly from

equation (28).

Mass Ratio =•exp(AV/u 0) = exp x0 = y0 = 4.9

This mass ratio is too high for AV maneuvers < 10 kmizec

because the optimum ISp < 640 sec. However, round trip
missions to synchronous orbit by laser propelled shuttle

orbiters require a total AV = 11.6 km/sec (starting from

an initial orbital altitude of 478 km). The optimum ISP

corresponding to this AV is 742 seconds.
Suppose that the payload mass up to synchronous

orbit is the same as the payload mass down and that the

entire round trip requires a total of N burns AV 1 , AV2,

AV 3 1 .... AV  corresponding to N different burn durations

ATl , AT 2F AT 3' ..., AT N' Then the total AV and total burn

time T is given by

N
AV = AVi

=1

N
.T =	 AT.

i=1

If the initial mass is M 0 and if the mass at the end of

the i'th burn is Mi , the total mass ratio M0/MN is given

by

Mp/MN = (M0/Ml )(Ml/M2) ... (MN-11MN)

= exp(AV1/u) exp(AV2/u) ... exp(AVN/u)

^t
Ei

r

t,
M:
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N

exp	AVi)/ul
i=1

= exp(AV/u)

Consequently, for any given propulsive power, T will be

minimum if ISP = 742 seconds. In view of the restricted
power transmission times during the primary boosting

maneuvers it appears that this I SP may in fact minimize

the total round trip flight time to synchronous orbit.

However, minimizing the round trip flight time to
synchronous orbit is of secondary importance, the most
important aspect being how much mass can be delivered with

reasonable flight times and initial masses. To answer

this requires a detailed parametric mission analysis.

This analysis has been conducted for laser propelled

transfer vehicles on round-trip missions to synchronous

orbit and on injection missions with escape energy

C3 = 120 km2 /sect.

RESULTS AND DISCUSSION

Since the transmitted laser radiation is coherent

it can be focused to produce an extremely high flux. If a
gas is opaque (or can be made absorbing), to the laser
radiation and injected into the high flux region, the gas

will be heated to extremely high temperatures. By

expelling the hot gas through an appropriately shaped
rocket nozzle, an extremely high ISP exhaust jet can be
produced. Hence, the I SP can be varied over a wide range

of values, for example, 500 sec to 5,000 sec, by decreas-
ing the flux and increasing the absorption region or
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vice-versa. This, in essence, is the laser rocket engine

(refs. 15, 20). Other configurations based on ablating a

solid surface by a high intensity laser beam have been

proposed (refs. 16, 17), but these may not be suitable for

the extremely long-range transmission distances envisioned

in this paper.

Unless stated otherwise, the laser propelled

transfer vehicle is assumed to be earth based. In this

configuration, the shuttle vehicle carries the laser

transfer d ̂ hicle and payload from the earth's surface to

the initial parking orbit inside its cargo bay. The

vehicle's dry mass, less fuel tanks, is assumed to be

3,700 kg (8,1.57 lbs.). The mass of the fuel tanks, which

must be added to this mass in order to calculate the

vehicle's true dry mass, is assumed to be 5% of the fuel

mass. For example, the dry mass of a laser transfer

vehicle with 10,000 kg capacity fuel tanks is 4,200 kg.

A. Parametric Analysis of Missions
to Synchronous Orbit

It has been determined that the total AV required

for laser propelled shuttle orbiters to deliver payloads

to synchronous orbit (35,793 km high, 0° inclination) from

an initial 478 km high, 31.8 1 circular parking orbit,

averages about 5.631 km/sec using the pear-shaped

gravitational potential function. Hence, the round trip

will require a total 4V of about 11.262 km/sec. (These

values vary about+ 300 meters/sec depending upon payload

mass.) The total payload that can be delivered to th:;.s

initial parking orbit by the ground-to-orbit shuttle

vehicle is 27,216 kg (60,000 lbs.).
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if Mo denotes the total initial mass corresponding

to a one-way mission to synchronous orbit, the final mass,

M can be computed by

M = Mo exp(-AV/u)

The fuel burned in the mission mb = MO-M' Hence, the

vehicle's dry mass mo = 3,700 kg + .05 mbkg and the payload

mass m  = M-mb.

Figures 14 and 15 describe the payload capabilities

of laser propelled transfer vehicles with various ISP on

three different missions to synchronous orbit. They were

calculated with the aid of the above equation and other

equations that are obvious modifications of it. All of

the missions began from a 478 km high, 31.8 0 circular park-

ing orbit with a total initial mass of 27,216 kg. The

first mission was designed to transfer a maximum payload

from the initial orbit to synchronous orbit where the

vehicle runs out of fuel and is expended. The second

mission is identical except that the vehicle carried just

enough fuel to be able to return to the initial orbit

empty. The third mission was designed to transfer a

maximum payload to synchronous orbit and retrieve another

payload of equal mass to this initial orbit. It should be

emphasized that these performance curves are independent

of propulsive power and do not require any detailed

trajectory calculations for their construction. However,

in practical applications, propulsive powers will play a

very important role as they will have a great effect on

flight times.

Figure 14 is a graph of payload versus ISP. In

view of the curvatures of the graphs it appears that the

optimum ISP should be above 1,500 seconds. A laser trans-

fer vehicle with I SP = 1,750 seconds will be capable of
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transferring payloads of mass 15,522 kg (34,220 lbs.) on

the first mission, 13,557 kg (29,890 lbs.) on the second

and 9,765 kg (21,528 lbs.) on the third. When we compare

these values with the corresponding payload capabilities

of previously proposed transfer vehicles given in Table 1

it is clear that the laser transfer vehicle offers a con-

siderable advance i.n payload capability. Figure 15 shows

curves of payload/fuel versus ISP for the three missions.
The parametric study involving round-trip integra-

ted trajectories to synchronous orbit covered a range of

specific impulses and propulsive powers. Two initial

orbital altitudes were used in order to study how they

affect the overall performance characteristics. In

particular, the trajectory calculations were based on all

possible combinations of ISp = 500 see, 1,000 sec, 1,500
sec, 2,000 sec; propulsive powers = 20 MW, 40 MW, 65.4 MW;

initial orbital altitudes = 176.3 km, 478.0 km. These

initial conditions were combined with various payloads, to

and from synchronous orbit, which ranged from 2,000 kg to

30,000 kg. A total of about 160 complete round-trip

trajectories were computed. The results appear in Tables

11, 12, 13, 14, 15, and 16. Some of the notations

appearing in tables require definition. They are:

Burn, = total thrusting time of primary boosting

maneuvers (sec)

No. of Burnsl = number of burns in primary boosting
sequence

Fuel  = fuel burned during primary boosting sequence

(kg)
Tl total time required to complete primary boosting

sequence (days)

Revs  = total number of complete orbit revolutions
made by vehicle during primary boosting sequence

Burn  = thrusting time to circularize orbit at

synchronous orbit altitude - one burn maneuver (sec)
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Fuel  = fuel burned during Burn t (kg)

Burn  = total thrusting time to carry out plane change

maneuver (31.8° - 0°)(sec)

Fuel  = fuel burned during Burn  (kg)

Time Up = total time required to reach synchronous

orbit (days)

Fuel Up = .total fuel burned reaching synchronous

orbit (kg)

Burn  = thrusting time to carry out plane change at

synchronous orbit altitude for the return leg

(0° -)- 31.8 1 ) - one burn maneuver (sec)

Fuel  = fuel burned during Burn  (kg)

Burns = thrusting time to carry out decircularization

maneuver - one burn maneuver (sec)

Fuel s = fuel burned during Burn, (kg)

Burn6 = total thrusting time to circularize orbit

to initial orbital altitude (sec)

No. of Burns  = number of burns in Burn  sequence

Fuel  = fuel burned during Burn  sequence (kg)
T6 = total time required to complete Burn  manuevers

(days)

Revs  = total number of complete orbit revolutions
made by vehicle during Burn  maneuvers

Fuel Down = total fuel burned returning from synchron-
ous orbit (kg)

Time Down = total time required to return from

synchronous orbit (days)

Total Fuel = total fuel burned during complete round-
trip mission to synchronous orbit (kg)

Total Time = total time required for complete round-

trip mission to synchronous orbit -zero stay time
at synchronous orbit (days)
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Each line in Tables 11-16 corresponds to a complete round-

trip trajectory to synchronous orbit. Much additional

data, such as beam angles and transmission distances at

the start and end of each burn (such as that shown in

Table 8 for the primary boosting maneuvers) have been

suppressed because it is too numerous. The variables

shown in Tables 8 and 9 corresponding to the transfer to

synchronous orbit, however, are typical. The minimum

beam elevation angle is kept at 15 0 for all trajectories.

The tables have been grouped into three pairs

corresponding to the three different propulsive powers;

20 MW, 40 MW and 65.4 MW. The two tables in each pair

correspond to the two different initial orbital altitudes;
176.3 km and 478.0 km. Hence, the trajectories in each
of the six tables correspond to the same propulsive power

and the same initial orbital altitude. The varying

parameters in each table are ISp, payload up, and payload

down. Notice that for a fixed initial orbital altitude

(176.3 km or 478.0 km) many of the transfer times up to
synchronous orbit with different values of propulsive

power, payload, and ISp are nearly equal. This discrete
characteristic of transfer time is due to the nature of

the propulsive maneuvers and their dependence on vehicle-
transmitter synchronization. These discrete transfer times

up to synchronous orbit are illustrated graphically in

figures 16, 17 and 18.

In order to compare the effects of ISp, propulsive
power, and initial orbital altitude on the transfer time

to synchronous orbit, as illustrated in the figures, the
payloads up and down were unchanged. These payloads were:
6,000 kg (13,228 lbs.) up and 3,000 kg (6,614 lbs.) down.
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Initial orbital altitude = 176.3 km;
initial orbital mass = 31,162 kg

. 120

Figure 16. — Flight time to synchronous
tr ansfer vehicle (6,000 kg payload up; 3,
Fi	 orbit via laser propelled
tr	 000 kg payload down).
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initial orbital mass = 20,740 kg
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Figure 17. - Flight time to synchronous orbit via laser propelled
transfer vehicle (6000 kg payload up, 3,000 kg payload down)

96



4^4^n a
initial orbital mass = 16,923 kg

EH

20L

100
4J

A
;4
0

c so
0

U1
0
4J 60

- --I_

ISP = 2,000 sec

II	 Initial orbital altitude = 17o.3 km;
initial orbital mass	 17,081 kg

10	 20	 30	 40	 50	 60

Power, MW

Figure 18. - Flight time to Synchronous orbit via laser propelled
transfer vehicle (6,000 kg payload up; 3,000 kg payload down).
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IĈ
  

MW

I ^ X40 MW

0

V 60 /

f

E1 / 60 MW

40

-'^--^40 MW

— —20 ^— `- 60 MW

0	 500	 11000	 1,500	 - 2,000	 2,500

=Sp' sec

Figure 19. - Flight time to synchronous orbit versus i Sp via
laser propelled transfer vehicle (6,000 kg up; 3,000 kg down).
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Figures 16, 17, and 18 correspond to ISP values of 1,000

sea, 1,500 sec and 2,000 sec respectively. Each of the

figures has two curves corresponding to the two initial

orbital altitudes, 176.3 km and 478.0 km. Since the ISp

for each curve is constant, each curve corresponds to a

constant total initial orbital mass. (The initial orbital

mass is independent of propulsive power.) In the case of

176.3 km initial orbital altitudes, the initial masses

corresponding to I SP = 1,000 sec, 1,500 sec;, and 2,000 sec

are 31 , 162 kg, 20,740 kg and 17,081 kg respectively. In

the case of 478.0 km initial orbital altitudes, these

initial masses are 30,382 kg, 20,426 kg. and 16,923 kg

respectively. Consequently, by choosing an I Sp of 2,000

sec instead of 1,000 sec the initial orbital mass can be

cut almost in half. This will result in a substantial

increase in performance. Figure 19 illustrates the

dependence of flight time to synchronous orbit on ISp.

Figures 16, 17, and 18 illustrate how sensitive

the transfer time to synchronous orbit is to changes in

the initial orbital altitude and propulsive power. The

curvatures of these curves reveal that the flight times

can be significantly shortened if propulsive powers above

approximately 40 MW are used with initial orbital altitudes

of 478 km or greater. A change in I Sp from 1 , 000 sec to

2,000 sec will result in a substantial increase in payload

capability, while having very little effect on the flight

time. For example, in the case of 65.4 MW of propulsive

power, if the ISp is increased from 1,000 sec to 2,000

sec, then the flight time only increases from 18.611 days

to 20.590 days but the initial mass decreases from 30,382

kg to 16,923 kg.

It should be pointed out that the step functions

around each of the curves do not correspond to actual data



points as their construction would have required many more

data points than were available. Rather, they are drawn

to illustrate the step function nature of the curves which

is apparent from Tables 11-16. However, the curves they

t
surround were constructed from actual data points found in

the tables. Figures 20, 21 and 22 illustrate the func-

tional dependence of flight time to synchronous orbit on

the payload mass (where the vehicle returns to the initial

orbit empty).

i

	

	 Table 16, which is based on a propulsive power of

65.4 MW and an initial orbital altitude of 478 km,

illustrates the very high performance potential of a laser

propelled transfer vehicle. Operating with an I SP between

1,500 sec to 2,000 sec, this vehicle may, in fact, be too

powerful to be compatible with one ground-to-orbit shuttle

vehicle in which the transfer vehicle and the payload are

brought up to the initial parking orbit together in the

shuttle's ca_jo bay. Thus, there arises the possibility
i

of utilizing two shuttles per mission. In this configura-
tion, the transfer vehicle would be brought up by one

shuttle along with part of the payload and the other

shuttle would bring up all of the remaining payload. In

this way, payloads exceeding 30,000 kg could be transferred

to synchronous orbit without requiring any in-orbit-
.	 j

refuelings or vehicle assembly. (The last few trajectories

i	 of Table 16 with ISP > 1,500 sec describe missions in which

i
the payload up is 30,000 kg.) The flight times to
synchronous orbit would be 40-60 days. In fact, if one

Eshuttle containing one transfer vehicle with I SP = 2,000

sec is loaded with enough fuel so that the total mass of

G
the vehicle and fuel equals the shuttle's maximum payload

capability to the478 km, 31.8 1 initial parking orbit

,. (27,216 kg), then the transfer vehicle would have the

capability of delivering z_ b5,000 kg (121,250 lbs.)

,j
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Figure 20,. - Flight time to synchronous orbit versus payload mass
via laser propelled transfer vehicle (vehicle returns empty).
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Payload mass, kg

Figure 21. - Flight time to synchronous orbit versus payload mass
via laser propelled transfer vehicle (vehicle returns empty).
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Figure 22. - Flight time to synchronous orbit versus payload mass
via laser propelled transfer vehicle ( vehicle returns empty).
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payload to synchronous orbit and returning empty to the

initial parking orbit. This 55,000 kg payload would be 	 i

brought up by two shuttles containing only useful payload

(i.e., no transfer vehicles or fuel). The flight time to	 7

synchronous orbit would be about 80 to 90 days. Of course,

this flight time could be reduced by using higher initial 	 j

orbital altitudes or higher propulsive powers. This would

represent another possible configuration for a ground
i

based laser propelled transfer vehicle. When payloads of

this magnitude can be transported economically, the door

is open to large manned space stations at synchronous

orbit. The possible utility of such stations are limit-

less.

More advanced versions of the laser propelled

transfer vehicle could be space based. In this configura-

tion, the vehicle would not be carried up to the initial

parking orbit along with the payload at the beginning of

each mission and would not have to be returned to the

earth's surface when the mission is completed. Its fuel

could be replenished by simply replacing empty tanks

(cartridge fashion) with full tanks, brought up by the

shuttle along with the payload. Complicated altitude

control systems based on small vernier gas jet thrusters

(that: constantly require refueling) would be replaced by a

relatively simple system based on electrically driven

reaction wheels, that, for all practical purposes, never

wear out (ref. 35). The vehicle's electrical systems

derive power from small rechargeable energy storage

systems (such as batteries or flywheels) that are charged

by thermionic or thermoelectric converters from wasted heat

generated during the propulsion maneuvers. (Small solar

arrays could also be provided.) A laser propelled transfer

vehicle should be much easier to operate in a purely space-

based mode than other vehicles, using chemical or nuclear

propulsion, because it will be much simpler, mecheiically,

since it will not carry any major energy generating system.
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By employing a space based laser transfer vehicle, the

payload capabilities of the shuttle that would ordinarily

carry it could be increased by about 4,000 kg and used for

satellite payloads. The laser vehicle's frame could be

telescoping so that it could be stored in a relatively

small volume along with the retractable reflector. It

would be very tedious to assemble the vehicle in orbit

before each mission.

A space based laser transfer vehicle can be

designed to accommodate many detachable caricridge type

fuel tanks that could be added when extremely massive

payloads require transfer to synchronous orbit. In these

cases, the payload will be towed by a long (low mass)

nylon cable that is attached to the vehicle by a "Y" shaped

beam. Each arm could be attached to the orbiter near each

end of the reflector's rotation axis (see figures 3A and

3B). The stem of the beam would be attached to the tow

cable which could have a length of 1 kilometer or more

depending on the physical dimensions of the payload. The

long cable would prevent the payload from getting into the

path of the laser-beam. The orbiting solar power station

proposed by Glaser (ref. 36) would be an extreme example

of a massive payload that could be towed to synchronous

orbit by a space based laser transfer vehicle. Previous

methods proposed for the transfer to synchronous orbit

involve utilization of the station's solar array to power

a system o' perhaps thousands of small low thrust electric

propulsion engines. Unfortunately, since the station's

mass is very large ( 14,000 tons, or 1.27 x 107 kg), the

transfer to synchronous orbit would take about 6 months

(ref. 36). But this method would expose the solar array

to the radiation of the Van Allan Belt for an extended

period. The effects of this radiation on the solar cells



would cause their efficiency to drop 50% or more. If the

transfer were made by a laser transfer vehicle, the solar

array could be protected from the radiation by a light-

weight shield which would be removed upon reaching

synchronous orbit.

Although the results of the parametric analysis

shown in Tables 11-16 clearly demonstrate the high

performance capabilities of a laser propelled transfer

vehicle, it should be emphasized that these results

correspond to a laser transmitter located off the

equator at latitude 31.8 1 . If the transmitter were

located on the equator, and if the initial parking orbit
had zero inclination, the orbiter would fly directly

over the transmitter on each and every orbit revolution.

Thus, for low initial orbits, power could be transmitted

15 or 16 different times during a span of only one

sidereal day. Moreover, a maximum amount of energy could

be transmitted on each pass without having to terminate

the transmission when a new resonant orbit is reached
(before the beam reaches the minimum beam elevation

angle). The result will be a significant reduction in
the time required to reach synchronous orbit. The

magnitude of this reduction can be estimated from the
tables. For example, by consulting Table 12, we find

that the time required to complete the first leg of a
round-trip mission to synchronous orbit involving the
transfer of a 6,000 kg pay,oad up and a 3,000 kg down
is 68.972 days if the initial parking orbit is 478 km and
p = 20 MW, and ISP = 1,500 sec. But 63.186 days of this
time is spent carrying out the primary boosting maneuvers

which require 31 individual burns. During this time the

vehicle makes a total of 692 complete orbit revolutions.
If the transmitter were located on the equator, and if

106



I `aa

the initial parking orbit had zero inclination, these 31

burns could be accomplished in only 31 orbit revolutions

instead of 692. Hence, the time required to carry out

these 31 maneuvers of the primary boosting sequence would

be reduced from 63.186 days to only 4.091 days. Of

course, the fact that the performance of a laser propelled

transfer vehicle can be significantly increased by

placing the power transmitter on the equator does not

subtract from its outstanding performance capabilities

using an off-equator transmitter.

B. Parametric Analysis of C 3 = 120

km2 /sec 2 Injection Maneuvers
The parametric analysis of laser propelled

injection maneuvers with C 3 = 120 km2/sect was based on

computing integrated injection trajectories with varying

initial conditions which were generated by taking all

possible combinations of ISP = 500 sec, 750 sec, 1,000 sec,

1,250 sec, 1,500 sec, 1,750 sec, 2,000 sec; propulsive

power	 20 MW, 30 MW, 40 MW, 50 MW, 60 MW, 65.4 MW; and

synchronization ratio = 6, 8, 10, 12. This combination

represents a set of 168 injection trajectories. The

results appear in Tables 17, 18, 19, and 20. These

tables correspond to pre-injection orbits defined by

P/Ps = 6, 8, 10, and 12 respectively (see Table 10). Each

injection maneuver is performed in one long, continuous

burn that ranges from 3.6 hours to 4.1 hours in duration.

Although these burn times are quite long, the vehicle's

distance to the transmitter never exceeds 50,000 km

during the propulsion period. An example of a typical

injection profile corresponding to I SP = 1,500 sec,

p = 50 MW and P/Ps = 6 is shown in figure 19.
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TABLE 17. - LASER PROPELLED INJECTION MANEUVERS

Pre-Injection Orbit: a e 139,223 km; e = .8651.; P w 5.9836 days; P/Pe . 6
81 . 17 . 6 01 . -56.84°; Escape C 3 - 120 lost/sect ; V. - 10.95 km/see

Injection parameters Escape mass

Power ISP Thrust Duration FueBurnedW) 8 2 02 Total NO ad
(MR) (lbs.) (firs.) (deg (deg) q 1x9)

20.0 500 1,833.9 4.0469 24,238.2 59.62 4.03 6,607.9 1,696.0

750 1,222.6 3.8404 10,222.8 61.66 .92 5,649.2 1,438.1
1.,000 917.0 3.7381 5,597.2 62.57 -.62 4,761.4 781..6

1,250 733.6 3.6779 3,524.5 63.08 -1.52 4.,076.6 200.4

30.0 .500 2,750.9 4.0467 36,355.8 59.62 4.03 9,912.0 4,394.2

750 1,833.9 3.8406 15,335.0 61.66 .92 8,473.7 4,006.9

1,000 1,375.4 3.7380 8,395.6 62.57 -.62 7,142.4 3.,022.6

1.,250 1,100.4 3.6777 5,286.5 63.08 -1.52 6,114.9 2,150.6

1,500 917.0 3.6382 3,631.8 63.40 -2.12 5,326.0 1,444.4

1.,750 786.0 3.6097 2,647.3 63.62 -2.55 4,709.5 877.1

r 2,000 687.7 3.5883 2,014.8 63.78 -2.86 4,217.1 416.3

40.0 500 3,667.9 4.0469 48,476.4 59.62 4.03 13,215.7 7,091..9

750 2,445.2 3.8404 20,445.7 61.66 .92 11,298.4 6,576.1

1,000 1.,833.9 3.7381 11,194.4 62.57 -.62 9,522.9 5,263.1

1.,250 1,467.1 3.6779 7,049.0 63.08 -1.52 8,153.2 4.,100.7

1,500 1,222.6 3.6380 4,842.1 63.40 -2..12 7,101.4 3,159.3

1,750 1,048.0 3.6097 3,529..8 63.62 -2.55 6,279.3 2,402.8

2,000 917.0 3.5886 2,686.7 63.78 -2.86 5,622.7 1,788.4

50.0 500 4,584.8 4,0468 60,594.7 59.62 4.03 16,520.0 9,790.3.

750 3,056.5 3.8404 25,557.2 61.66 .92 14,123.0 9,145.1

1,000 2,292.4 3.7381 13,993.1 62.57 -.62 11,903.5 7,503.8

1.,250 1,833.9 3.6779 8,811.4 .63.08 -1.52 10,191.4 6,050.8

1,500 1,528.3 3.6379 6,052.4 63.40 -2.12 8,876.8 4,874.2

1,750. 1,309.9 3.6094 4,411.8 63.62 -2..55 7,849.2 3,928.6

i 2,000 1,146.2 3.5888 3,358.6 63.78 -2.86 7,028.3 3,160.-4

60.0 500 5,501.8 4.0467 72,711.6 59.62 4.03 19,823.8 12,488..2

750 3,667.9 3.8406 30,670.1 61.66 .92 16,947.3 11,713.8

1,000 2,750,.9 3.7380 16,791.2 62..57 -.62 14,284.8 9,745..2

1,250 2,200.7 3.6775 10,572.6 63.08 -1.52 12,229.4: 8,000.8

1,500 1,833.9 3.6382 7,263.5 63.40 -2.12 10,652.0 6,588.8

1.,.750 1,571.9 3..6097 5,294.7 63..62 -2.55 9,418.9 .5,454.2

? 2,000 1,375.4 3.5883 4,029.6 63.78 -2.86 8,434.2 4,532.7

65.4 500 5.,999.7 4.0472 79,301.0 59.62 4.03 21,620.6 13,955.6

750 3,999.8' 3.8402 33,442.2 61.66 .92 18,480..0 13,107.8

1,000 2,999.8 3..7382 18,.312.0 62.57 -.61 15,578.7 10,963.1

1.,250 2,399.9 3.6781 11,531.2 63..08 -1.52 13,336.4 9,059.0

1,500 1,999.9 3.fi381 7,920.7 63.40 -2..7-2 11,616.1 7,.520.1

1.,750 1,714.21 3.6097 5,773.7 63.62 -2.55 10,271.4 6,282.7

2,000 -	 1,499.9 3.5886 7,.394.8 63.78 -2.86 9.,197.3 5,277.6

I•
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Injection Parameters Escape mass

Power ISP Thrust Duration Fuel Burned 82 02 Total Payload
(MN) (lbs) _.(hrs.) Ck91 (deg) _. (deg) (kg) (k9i
20.0 500 1,833.9 4.0248 24,105.8 57.95 4.90	 6,698.2 1,792.9

750 1,222.6 3.8266 10,186.3 59.97 1.92	 5,718.5 1,509.2
i 1,000 917.0 3.7289 5,583.5 .60,88 .45	 4,817.8 838,6

Y 1,250 733.6 3.6704 3,517.4 61.38 -.43	 4,122.9 247.0
30.0 500 2,750.9 4,0246 36,157.3 57.95 4.90	 10,047.4 4,539.5

750 1,833.9 3.8268 15,280.3 59.97 1.92	 8,577.7 4.,113.6
1,000 1,375.4 3.7288 8,375.0 60.88 .45	 7.226.9 3,108.1
1,250 1,100.4 3.6702 5,275.8 61.39 -.43	 6,184.4 2,220.6

r
1,500 917.0 3.6323 3,625.9 61.71 -1.01	 5,385..4 1.,504..1
1,750 786.0 3.6044 2,643.4 161.93 -1.42	 i	 4,760.8 928.6
2 1 000 687..7 3.5852 2,013.1 162.08 -1.71	 !	 4,264.4 463.7

40.0 500 3,667.9 4.0260 48,225.9 157.93 4.90	 13,382..2 7,270.9
750 2,445.2. 3..8328 20,405.2 159.93 1.95	 j	 11,421.1 6,700.8

1,000 1,833.9 3.7303 11,171.2 X60, 85 0.46	 1	 9,625.8 5,367.2
' 1,250 1,467.1. 3.6772 7,047.8 61.36 -0.42	 8,235.4 4,183.0

1,500 1.,222.6 3.6470 4,854.1 61.68 -0.99	 7,169.0 3,226.3
1,750 1,048.0 3..6307 3,550.3 61.90 -1..39	 6,335.6 2,458..1	 1

I
2,000 917.0 3.6035 2,697.8 62.07 -1.71	 5,675.2 1,840.3

50.0 500 4,584.8. 4.0282 60,316.3 57.93 4.90	 16,727.5 10,011.8
750 3,056.5. 3.8270 25,468.3 59.96 1.92	 14,286.3 9.312.8

1,000 2,292.4 3.7341 13,978.2 60.85 0.46	 12,028.2 7,629..3
1,250 1,833..9 3..6743 8,802.8 61..36 -0.42	 10,296.1 5,156.0
1,500 1,528.3 3.6388 6,053..8 61.68 -1.00	 8,964.8 4,962.1

I 1,750 1.,309.9 3.6093 4,411.7 61.91 -1.40	 7,928.6 4,008.0
2.,000 1.,146.2 3.6105 3,378.9 62.06 -1.70	 7,091.8 3,222.9

60.0 500 1	 5,501.8 4.0279 72,373.4 57.93 4.90	 1	 20,075.0 1	 12,756.4
750 3,667.9 3.8286 30,574..5 59.94 1.93	 I	 17,136.7 11,908..0

1,000 2,750.9 3.7303 16,756.7 60.85 0.46	 I	 14.,438.7 9,900.8I 1.,250 2,.200,7. 3.6721 10,556.8 61.36. -0.43	 12,355.8 8,127.9

1
1,500 1,833.9 3..6336 7,254.3 61.68 -1.00	 10,761.7 6,699.0
1.,750 1,571.9 3..6126- 5,298.9 61.91. -1.41	 9,511.9 5,546.9
2,000 1,375.4 3.5918 4,033.6 82.07 -1.71	 8,517.1 4,615.4	 I

65.4 500. 5,999.7 4.0292 78,950.0 57.93 4.91.	 21,891.6 14,244.2
750 3,999.8. 3.8285 33,340.5 59.96 1.92	 18,692.1 13,325.1

• 1,000 2,999.8. 3.7313 18,278.0 60.85 0.46	 15,744,0 11.,130.1
1,250 2, 399.9 3.6723 11,512.9 61.36 -0.42	 13,475.5 9r 199.9
1,500 .1,999.9 3.6373 7,918.8 61..68 -1.00	 11,733.1 7,637.2
1,750 1,714.2 3.6140 5,780.6 61.90 -1.40	 10,372.0 6,383.0

"
-

2,000 1,499.9 3.6030. 4,412.3 62.07 -1..71	 9,283.5
I

5,362.8	 j
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TABLE 18. - LASER PROPELLED INJECTION MANEUVERS
Pre-Injection Orbit: a + 168,656 km; e - . 8895; P - 7.9782 days; P/P s . 8

61 - 17• ; 01 - -55.64 0 t Escape C3 . 120 km2 /see 2 ; V. - 10.95 km/sec



TABLE 19. - LASER PROPELLED INJECTION MANEUVERS

Pro-Injection Orbit: a 195,709 km; e - .9052; P - 9.9727 days; P/PS . 10
81 - 170 ; 01 - -54.90 • ; Escape C3 120 km2 /see 2 ; V. - 10.95 km/sec

Injection parameters Escape mass

Power ISP	 Thrust :Duration Fuel Burned 02 02 Total Pa load
(Mil) (lbs.) Mrs.) (kg) (deg) (deg) (kg) lkg)
20.0	 500	 1,833.9	 4..0101 24,018.2 56.92 5.42 6,755.7 1,854.8

`	 750	 1 1,222.6	 3.8172 10,161.1 1 58.93 •2.52 5,762.3 1,554.2
1,000	 917.0	 3.7217 5,572.7 59.83 1.08 4,852.4 873..8
1,250	 733.6	 3.6649 3,512.0 60.34 .23 4,151.9 276.3

30.0	 500	 ( 2,750.9	 4.0100 36,025.8 56.92 5..42 10,133.5 4,632.2
I	 750	 1,833.9	 3..8174 15,242..5 58.93 2..52 8.,643.3 4,181.2
1.,000	 1,375.4	 3.7216 8,358.7 59.83 1.08 7,278.8 3.,160.6

' 1,250	 1,100.4;	 3.6647. 5,267.8 60.34 .23 6,227.9 2,264.5
1,500	 917.0!,	 3.6276 3,621.2 60.66 -.34 5,422.6 1,541.5•
1,750	 786.0,	 3.6008 2,640.8 ' 60.88 -.74 4,793.8 961.7
2,000	 687.7*	 3.5806 2,010.5 'i 61.04 -1.03 4,291.8 491.3

40.0	 (	 500	 i	 3,667.9;	 4.0101 48,036.4 56.92 5.42 13,511.3 7,409.4
750	 2,445.2	 3.8172 20,322.3 58.93 2..52 11,524.6 I	 6,808.5

i 1,000	 1,833.9;	 3.7217 11,145.4 59.83 1.08 9,704.8 5,447.6
1,250	 1,467.1;	 3.6649 7,024.1 60.34

(
.23 8,303.8 i	 4,252.6

1,500	 1,222.6 1 4,828.0 60.66 -.34 7,230.2 (	 3,288.8
1,7501	 1,048.01	 3.6008 3,521.1 60.88 -.74 6,391.7 2,515.6
2,000	 917 01	 3.5810 2,681.0 61.04 -1.03 5,722.4 1,888.3

50.0	 500	 4,584.8'	 4.0101 60,044..6 56.92 5.42 16,889.3 10,187.1
750	 3,056.5 	 3.8168 25,400.0 58.93 2.51 14,404.0 9,434.0

1,000	 2,292.4.	 3.7210 13,931.8 59.83 1.08 12,131.1 7,734.5
1,250	 1,833.91	 3.6649 8,760.3 60.34 .23 10,379.6 6,240.6
1 1 500	 1,528.3	 3.6273 6,034.8 60.66 -.34 9.,037.8. 5,036.0.
1,750	 1,309.91	 3.6005 4,401.0 50.88 -.74 7,989.7 4.,069.7

r	 j	 2.,000	 1, 146.2 ,	3..5815 3,351.7 61.04 -1.03 .7,153.5 3,285.9	 .
60.0	 j	 500	 ±	 5,501.8;	 4.0097 72.,046.3 56.93 5.41 20,265.8 12,963,5

750	 3,667.9.	 3.8174 30,484_9 58.93 2.52 17,286.6 12,062..3
1,000	 2,750.9	 3.7216 16,717.3 i 59.83 1.08 14,557.5 ' 10,021.7
1,250	 2,.200.71
	

3.6647 10,535.6 60.34 .23 12,455.8 8,229.0
1,500	 1,833.91	 3.6276 7,242.4 60.66 -.34 10,845.1 6,783.0
1,750 	 1,571..9 1	3.6009 5,281.7 60.88 -.74 9,587.5 5,623.5
2,000	 1,375.4	 3.5806 4,021.1 61.04 -1.03

I
8,583.7 4,682.6

65.4	 500	 5,999.7 1	4.0099 78,571.7 56.92 5..42 22,101..4 1 14,472..8
750	 !	 3,999.81	 3.8173 33,242.7 58.93 2.52 18,851.2 13,489.1

1.,000	 2,.999.8	 3.7215 18,230.2 59.83 1.08 15,875.1 11,263.6
1,250	 2,399..9 ,l	3.6651 11,490.5 60.34 .23 13,582.7 9,308.2
1.,500	 1,999.9 1	3..6275 7,897.6 60.66 -.34 11,826.7 7,731.8,
1,750	 1,714.2	 3.6008 5,759.6 -60.88 -.74 10,455.2 6,467.2

'	 2,000.1	 1,499.9 ,	3.5810 4,385.4 61.04 -1.03 .9,360.4 5,441.1

120.0 1.,800	 3,056.5]	 3.S962 9,971.9 60.92 -0.80 18,738.1 14,539.5

11
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TABLE 20. - LASER PROPELLED INJECTION MANEUVERS

Pre-Injection Orbit, a 	 221,003 km; a	 .91641 P - 11.9672 daysl P/P S - 12
a  - 17 . 7 61 - -54.390 t Escape C 3 120 km2 /Sao 2 i V. - 10.95 km/sec

!	 Injection parameters Escape mass

' Power ISP Thrust Durationj Fuel Burned 82 02 Total Payload
!.	 (NM)._ (lbs .) (hra..)	 I (k q) (de	 ).	 _. (deq ) ow) (kq) 	 1

20.0 500 1,833.9 3.9997 23,955.4 56.22 5.77 6,795.9 1,898.1
- 750 1,222.6 3.8302 10,142.6 58.21 2.32	 I 5,792..8 1,585.7

1,000 917.0 3.7165 5,564.8 59.11 1.51 4,876.8 898.5
1.,250 733.6 3.6606 (	 3,507.9 59.62 .67 4,172.1 296.7

30.0 500 2,750.9 3.9995 35,931.6 56.22 5.77 10,194.0 4,697.4
750 1,833..9 3.8104 15,214.7 58.21 2.92 8,689.1 4,228.4

1.,000 1. ,375.4 3.7163 8,346.9 59.11 1.51 7,315.3 3,197.9
1,250 1,100.4 3.6604 5,261.7 59.62 .67 6,258.2 2,295..1
1,500 917.0 3.6240 3,617.6 59.94 .12 5,448.4 1,567.5
1,750 786..0 3.5976 2,638.5 60.16 -.28 4,816.3 984.3
2,000 687.7 3.5778 !	 2,008.9 60.32 -.57 i	 4,311.8 511.3

40.0 500 3,667.9 {{{,	 4.0000 !	 47,914.6 56.21 5.77 13,592..8 7,497_1
750 2,445.2 i	 3.8102 20,285.2 58.21 2.92 11,585.6 6,871.4

1,000 1,833..9 3.7165 i	 11,129.7 59.11 1.51 9,753.5 5,497.1
i 1.,250 1,467.1 3.6605 i	 7,015.8 59.62 .67 8,344.0 4,293.2

1,500 1,222.6 3.6238 I	 4,823.2 59.94 .12 7,264.6 3,323.4
1,750 1,048.0 3.5976 1	 3,518.0 66.16 -.28 6,421.7 2,545.8
2,000 917.0 3.5781 I	 2,678.8 60.32 -.57 5.,748.9 1,915.0

50.0 500 4,584.8 3.9996 59,897.6 56.22 5.77 16.,990.1 10,295.8
750 3,056.5 3.8103 25,356.7 58.21 2.92 14,482.0 9,514.2

1,000 2,292.4 3.7165 13,912.2 59.11 1.51 12,191.9 7,796.3
1,250 1,833.9 3.5607 8,770.0 59.62 j	 .67 10,430.1 6,291.6
1.,500 1,528.3 3,6237 6,028.8 59.94 .12 9,080.8 5,079.4

j 1,750 1,309.9 3.5973 4,397.1 60.16 I	 -.28 8,027.2 4,107.4t̂ 2,000 1,146.2 3.5784
1

3,348.8 60.32 I	 -.57 I	 7,186.1 3,318.7
60.0 500 5,501.8 3.9995 71,863..2 56.22 5.77 20,388.0 13,094.8

750 3,667.9 3.8104 . 30,429.4 58.21 2.92 117,378.2 12,156.7
1,000 2,750.9 3..7163 16.,693.7 59.11 1.51 14,630.6 10,095.9
1.,250 2,200,7 3.6604 10,523.3 59.62 .67 12,516.3 8,290..2
1.,500 1,833.9 3.6240 7,235.2. 59.94 f	 .12 10,896.8 6,835.0
1,750 1,571.9. .3.5976 5,277..0 60.16 j	 -.28 9,632.5 5,668.7
2,000 1.,375.4 3.5778 4,017.9 60.32 -.57 8,623.5 4,722.6

65.4 500 5.,999.7 3.9999 78,375.2 56.21 5.77 22,235.7 14,616.9
750 3,999.8 3.8103 33,182.2 58.21 2.92 18,951.2 13,592.1

1,000 2.,999.8 3.7167 18.,.206.6 59.11 1.52 15,956.6 11,346.3

1,250 2,399.9 3.6609 11,477.1 59.62 .67 13,648.8 9,374.9
1,500 1,999.9 3.6239 7,889.7 59.94 .12 11,883.0 7,788.5

i 1,750 1,714.2 3.5976 5,754.5 60.16 -.28 10,504.3 6,516.6
' 2,000 1,499.9 3.5781 4,381.9 60.32 -.. 57 9,403..8 51484.7
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Notice that there are no entries in Tables 17-20

corresponding to a propulsive power of 20 MW when I >SP 
1,500 sec. This result occurs because 20 MW of propulsive

power is not high enough to allow the total injection mass
to be greater than the vehicle's dry mass. In view of

the theoretical investigation of the previous section

regarding the determination of optimum I SP which will
maximize burn-out mass, it -is obvious that this optimum

ISP must be below 1,500 sec. The optimum I SP correspond-

ing to various injection trajectories can be obtained by

first determining the AVs generated during the various

injection maneuvers (corresponding to the different

initial conditions) and applying equation (29). The

results are given in Table 21. Notice that the AVs

corresponding to fixed values of P/P s and ISP do not change

when p changes. Also, 4V does not change very much for
fixed P/Ps when 1 S changes. The optimum I SP values were
computed by (29) using the AVs corresponding to I SP = 500

sec because these will be closer to the resulting AVs when

the optimum ISPs are used during the injection maneuvers.

The table indicates that the optimum ISP which will

maximize injection mass corresponding to P/Ps = 6, 8, 10

and 12 is 483 sec, 479 sec, 476 sec and 473 sec

respectively.

Performance curves describing the maximum possible

total injection mass for various values of propulsive

power and I SP are shown in figures 24 and 25. The solid
curves correspond to injections with P/P s = 6 and the

dotted curves correspond to injections with P/P S = 12.

Similar curves corresponding to pre-injection orbits with

P/Ps = 8 and 10 have not been plotted but they would lie
between the P/Ps = 6 and P/P s = 12 curves. These curves

confirm our theoretical results which show that the



TABLE 21. - OPTIMUM I SP THAT MAXIMIZES INJECTION MASS

FOR c3 - 120 km2 /sec 2 VIA LASER PROPULSION

P

(MM) P/PS

AV(km/sec).	
optimum

ISP-500,	 750,	 1	 1000,	 1250,	 1500,	 1750,	 2000,	 1 S
20 6 7.555 7.598 7.623 7.537 - - - 483

I 8 7.482 7.524 7.547 7.562 _ - _ 479

I{ 10 7.435 7.476 7.500 7.514 476

12 7.402 7.443 7.466 7.480 - - - 473

30 6 7.555 7.598 7.622 7.637 7.648 7.655 7.660 1	 483

8 7.481 7.524 7.547 7.561 7.572 7.579 7.584 479	 i

10 7.435 7.476 7.499 7.514 7.524 7.531 7.536 i	 476

12 7.402 7.443 7.466 7.480 7.490 7.497 7.502 473

40 6 7.555 7.598 7.622 7.637 I	 7.648 7.655 7.660 483

8 7.487 7.538 7.555 7.579 7.606 7.636 7.628 479

10 7.435 7.476 7.500 7.514 I	 7.524 7.531 7.536 476

12 7.402 7.443 7.466 7.480 (`	 7.490 7.497 7.503 473

50 6 7.555 7.598 7.623 7.637 7.647 7.654 7.661 483

1
8 7.489 7.527 7.562 7.638 7.590fl 7.592 7.642 479

10 7.435 7.476 7.500 7.514 7.524 .7.530 7.537 I	 476
12 7.402 7.443 7.466 7.480 I	 7.490 7.497 7.503 473

60 6 7.555 7.598 7.622 7.637 I	 7.648 7.655 7.660 483

8 7.488 7.531 7.555 7.570 7.580 7.599 7.604 479

10 7.435 7.476 7.499 7.514 7.525 7.531 7.536 476

12 7.402 7.443 7.466 7.480 7.491 7.497 7.502 473

65.4 6 7.555 7.598 7.622 7.638 7.648 7.655 I	 7.661 483

8 7.490 7.530 7.557 7.570 7.587 7.602 7.627

1

479

10 7.435 7.476 7.499 7.514 7.524 7.531 7.536 476

12 7.402 7.443 7.466 7.480 7.490 7.497 7.503 473
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optimum ISP which maximizes total injected mass is less

than 500 sec (see eq. 29 where AV = 7.6 km/sec). Since no

injection trajectories were calculated with I SP below 500

sec, it is impossible to observe any maximum injection

mass in the curves of figures 24 and 25.

The available injection payload mass is obtained

by subtracting the vehicle's dry mass (3,700 kg + 58 of

total initial fuel mass) from the total injection mass.

These payloads are given in Tables 17-20 and are plotted

in figures 26 and 27. The curves in figure 27 give a

fairly good picture of the fact that the injected payload

is maximum when I SP is near 500 sec. Figures 24 and 25

show that the injected mass is directly proportional to

the propulsive power. This result also follows from

equation (23). But figures 24-27 do not show the required

fuel expenditure, which is substantial for low values of
ISP.

One possible definition for optimum ISP is that

which maximizes the payload/fuel ratio. Figure 28 contains

curves of the injected payload mass divided by the fuel

burned during the injection maneuver versus ISP for various

propulsive powers. The figure shows that these optimum
ISPs depend upon the propulsive power. These values are
approximately 900 sec, 1,575 sec and 1,860 sec for

propulsive powers corresponding to 20 MW, 30 MW and 40 MW

respectively. These optimum I SPs for propulsive powers

> 50 MW are above 2,000 sec.

Since we are assuming that the laser vehicle and

payload are brought up from the earth's surface inside the

cargo bay of one shuttle and boosted to the pre-injection
orbit by preliminary thrusting maneuvers that begin from

the initial parking orbit via laser propulsion, it is

important to determine the total initial mass. If this

total initial mass exceeds the ground-to-orbit payload

capabilities of the shuttle, the payload and laser transfer
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Figure 26. - Injection performance capabilities of laser
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vehicle would have to be brought up to the initial parking

orbit in two or more shuttle vehicles. Figure 29 gives

the propulsive powers and corresponding I SP values that

will produce an initial mass within the payload capabili-

ties of one shuttle vehicle. The required I SPs corres-

ponding to propulsive powers of 20 MW, 30 MW, 40 MW,.50 MW,

and 60 MW which will give a total initial mass equal to

the maximum payload capabilities of the shuttle are 713

sec, 888 sec, 1,038 sec, 1,180 sec, and 1,325 sec

respectively. These parameters correspond to maximum

injection mass, which can be determined from figures 25 and

27. The results are given in Table 22. As a comparison,

the injection capabilities of the shuttle/chemical tug,

shuttle/Centaur, shuttle/nuclear tug (Rover) and shuttle/

nuclear tug (colloid core) are given in Table 23 for the

same injection energy (refs. 37, 26). The table also

includes the injection capabilities of Titan III E/Centaur

and Saturn V/Centaur (ref. 38).

TtAbles 22 and 23 clearly show the truly outstand-

ing injection capabilities of laser propelled transfer

vehicles. The 60 MW configuration has a performance close

to that of a nuclear powered colloid core shuttle orbiter.

A 90 MW laser vehicle would outperform the colloid core

shuttle and a Saturn V/Centaur. This figure is easily

calculated because the ratio of propulsive power to total

injected mass is a constant.

Of course, the preliminary boosting maneuvers

required to reach the desired pre-injection orbit will

take time to Complete. But if the payload is radioactive

waste material, this delay is not important. Even if the

payload were a scientific satellite or planetary lander,

the delay would be a relatively minor inconvenience; its

operational effect would be equivalent to a shift in the

4
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TABLE 22. - INJECTION CAPABILITIES OF GROUND-EASED LASER PROPELY.En

INTEROREITAL TRANSFER VEHICLE FOR C 3 = 120 km2/sea

(maximum power transmission distance 50,000 km)

P
(MW)

ISP
(sec)

Total hjectian Naas (kg)
P/Ps = 6	 P/PS = 12

Injection Payload NO
P/Ps	 6	 P/PS = 12

20 713 5,800 5,900 1,520 1,680

30 888 7,750 7,900 3,470 3,66-11

40 11038 9,300 9,500 5,050 5,300

50 1,180 10,700 10,900 6,460 6,700

60 1.,325 11.,700 12,000 7,520 7,800

TABLE 23. - INJECTION S CAPABILITIES OF HIGH PERFORMANCE

ROCKET VEHICLES FOR C3 = 120 km2/sect

Launch Vehicle Injection Vehicle ISP

sec

Payload

kg

Shuttle Centaur (with kick) 444 1,400

Shuttle *CRP Tug (with kick) 470 3,200

Shuttle *NEP (Rover) 875 3,800

Shuttle REP (Colloid Core) 1,100 10,000

Titan III E Centaur 444 1,600

Satum V Centaur 444 13,500

* CRP - Chemical Rocket Propulsion
NRP = Nuclear Rocket Propulsion

ORIP
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60,000 lbs payload limit of
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launch window. The time required for these preliminary
maneuvers to the pre-injection orbit can be estimated to

be a few days longer than the times T 1 required for the

primary boosting maneuvers to synchronous orbit given in

A	 Tables 11 to 16. The guidance and attitude control

required during the interplanetary journey will be

supplied by the injected vehicle. Hence, the payload is

not separated from the vehicle after the injection

maneuver is accomplished.

CONCLUSIONS

The results of this study indicate that a laser

propelled reusable transfer vehicle with a propulsive
power of 50 to 70 Mw will be capable of transferring high
mass payloads on round-trip trajectories to synchronous

orbit. Such vehicles will also have the capability of

injecting high-mass payloads onto escape trajectories

with C 3 = 120 km2/sect . Table 24 is a summary of the

performance characteristics of several possible vehicle

configurations. These configurations, defined as:

GB-1 = ground based laser transfer vehicle brought up

to initial parking orbit with payload inside

cargo bay of one shuttle.
GB-3 = ground based laser transfer vehicle brought up

to initial parking orbit inside one shuttle with
enough fuel so that the combined orbiter-fuel mass
is equal to the maximum shuttle payload limit;
payload brought up in two other shuttles

SB-1 = space based laser transfer vehicle; payload

and fuel brought up by one shuttle.

k

f
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SB-N = space based laser transfer vehicle; payload

and fuel brought up by N shuttle deliveries

where N > 3 is an integer (payload assembled in

parking orbit).

The missions are defined as:

Mission 1 = one-way transfer to synchronous orbit;
orbiter expended.

Mission 2 = one-way transfer to synchronous orbit;

orbiter returned to initial parking

orbit empty.

Mission 3 = round-trip transfer to synchronous orbit

(equal mass payloads up and down).
Mission 4 = boost payload to pre-injection orbit with

P/Ps = 6 and injected onto an escape

trajectory with C 3 - 120 km2/sect.

The beamed power interorbital transfer vehicle

concept described herein does not have to use a high power
laser beam as the energy carrier. Previous studies (refs.

39 and 40) indicate that a system based on microwaves

could also be constructed. Unlike a laser system, the

earth's atmosphere will have little if any effect on a

microwave beam (with a wavelength of 3 cm) and power could

even be transmitted through a rainstorm. Moreover, the

technology needed for the development of high-power

microwave generators and phased-array transmitting
apertures is already here. Microwave generators with
power levels in the one MW range with efficiencies

approaching 90% are readily available as "off-the-shelf"

items (ref. 41). Large microwave phased array transmitting

antennas with electronic beam steering have been opera-

tional since the early 1960s. In 1965, Bendix Corporation
developed for the U.S. Air Force, the AN/FPS-85 microwave

r1
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TABLE 24. - PERFORMANCE CAPABILITIES OF LASER PROPELLED

INTERORBITAL TRANSFER VEHICLES WITH

DESIGN PARAMETERS:

ISP	 2,000 sec

Propulsive power	 = 65.4 MW

Thrust	 = 1,500 lbs.

Dry Mass	 3,700 kg + 5% fuel
mass

Initial orbital altitude 	 = 478 km

Latitude of laser transmitter 	 = 31.80 N

Maximum power transmission distance = 50,000 km

Minimum beam elevation angle 	 = 15°

Configuration	 j
i

L

Mission No. Payload
kg

Flight Time Up

days

GB-1 1 16,400 =35

GB-3	 i 1 54,400 =70

SB-1	 i 1 20,500 =40

i	 SB-N 1 20,400 N =50 N2

GB-1
I

2
I

14,700 I	 x30

j	 GB-3 2 54,400 I	 =75
i

SB-1 2 18,400 =45

SB-N 2 20,400 N
1,500 =50 N2

GB-1 3 11,030 =30

SB-1 3 13,400 I	 =35

GB-1	 i 4 5,280

i	
=30
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phased array radar antenna which has a radiated power

exceeding 50 MW (ref. 42). It is used for tracking small

earth satellites. Microwave rocket engines with ISP

approaching 1,000 sec were tested over ten years ago

(ref. 9). Unfortunately, the large beam spread associa-

ted with microwave radiation puts an upper limit on its
potential as a long range energy carrier. Extremely

large transmitting and receiving antennas will be

required for 50,000 km power transmission (e.g., on the

order of 5,000 meters and 500 meters in diameter

respectively). However, very large 500 meter diameter

antennas could be designed for microwave powered inter-

orbital transfer vehicles with a mass of only about

15,000 kg (ref. 28). The transmitter could be constructed

on a remote island near the equator in the Pacific Ocean.

Several possibilities are: Mussau Island, latitude

1 0 24' south, and Manus Island, latitude 1° 40' south,

located in the Bismark Archipelago, and Christmas Island,

latitude 2° 0' north (U.S. protectorate). Perhaps the

best location is on one of the large islands in the
Galapagos Archipelago. All of these islands are within 1°

of the equator. The initial orbit of a microwave powered

interorbital transfer vehicle could then have an inclina-
tion of 0 0 so that it would pass over (or nearly over)
the transmitter to receive propulsive power on each and

every orbit revolution during the primary boosting

maneuvers.

When the technology of high power laser generators

reaches the same level as microwave generators, the laser

propelled interorbital transfer vehicles may prove to be

far superior because of its much greater operational

range. Although a laser beam will tend to wander around

in an essentially random manner on a distant target due
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to its passage through the atmosphere, this motion has

been found to be extremely small (refs. 43, 44). it

should also be noted that the large receiving antenna

required on a microwave powered interorbital transfer

vehicle may tend to burden the vehicle with excess

inertial mass that would have to be overcome by higher

propulsive forces. This excess mass would not be present

with a laser powered vehicle. There are several extremely

high mountains near the equator that might be suitable

locations for the laser transmitter if an equatorial

system is desired. For example, Mt. Kenya in Kenya, East

Africa, with elevation 17,058 feet and latitude 0 0 8'

south and Mt. Chimborazo in Ecuador with elevation 20,561

feet and latitude 1 1 15' south are two possibilities.

However, it should be emphasized that the performance

data given in this report is based on a non-equatorial

transmitter located at 31.8 0 north latitude. (Chiricahua

Peak, with an elevation of 9,796 feet in southern Arizona

is at this latitude.)

One application of beamed vehicle propulsive power

that will clearly favor laser rather than microwave

radiation is the case where the transmitter is placed in

orbit above the earth's atmosphere (ref. 45). This system

would allow the power transmission range to be increased

to nearly interplanetary distances. The rAsulting vehicle

performance would be exceedingly high.

But whatever power transmission mode is used, the

results of this study indicate that even a relatively low

power system will be capable of extremely high performance,

equal to or exceeding that of high power nuclear propelled

transfer vehicles.

From an operational point of view, a laser propelled

interorbital transfer vehicle system may be very economical.
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One transmitter could power a fleet of perhaps ten or twenty

such transfer vehicles at different times each day. Hence,

one transmitter would enable ten or twenty different missions

to be conducted simultaneously. There would be no atmos-

pheric radioactivity contamination and no start up or shut

down problems that are inherent with nuclear propelled

vehicles. The laser propelled vehicles would be relatively

inexpensive, and the power generator could never be lost due

to vehicle malfunction. It-would be easily accessible for

routine maintenance.

Laser propelled vehicles could also be used to dis-

pose of radioactive waste material from nuclear generating

plants. For example, if the United States constructs 200

nuclear generating plants for the production of electric

power with an average output of 500 MW each, these plants,

operating continuously twenty-four hours a day, will generate
radioactive waste at the rate of approximately 500,000 kg/year

(based on a rate of 13.7 kg/GW-day calculated from data given

in ref. 46). This material, accumulated over one year, could

be disposed of by injecting it with the aid of 100 laser

propelled 65 MW expendable rockets on gravity assist trajec-

tories via Jupiter into the sun or out of the solar system.

This would be carried out during the two-month Jupiter launch

window. The vehicles would be boosted to the eccentric pre-

injection orbits at a steady annual rate of about two vehicles
per week.

If the transmitter were placed on the earth's equator,

one 120 MA laser propelled transfer vehicle would be capable

of transporting the enormous mass of an entire 10 GW Glaser
type orbiting solar power station to synchronous orbit within
approximately two to three years. Although this transfer time
is relatively short considering the mass involved, it could be
reduced considerably by constructing the station in ten

detachable parts of approximately equal mass. After the
station is constructed in the low initial orbit, it would be
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disassembled into the 10 parts. Each part would be trans-

ported to synchronous orbit separately by its own transfer

vehicle. The boosting maneuvers would be phased so that only

one vehicle passes over the transmitter at-any given time.

As soon as one vehicle had finished its incremental boost,

another would begin to make its pass to receive its incre-

mental boost. In this way, power could be transmitted

almost continuously, 24 hours a day. Hence, all of the parts

could be boosted to synchronous orbit simultaneously. After

reaching synchronous orbit, a rendezvous would be made at a

convenient position and the station would be re-assembled.

This transfer mode would cut the flight time to synchronous

orbit to only a few weeks.

When the reusable ground-to-orbit shuttle vehicle

becomes operational, flights to low orbits will be routine.

Added improvements will reduce the transportation cost to

these low orbits to only a few dollars per kilogram. But a
high percentage of the payloads, such as communication satel-

lites or manned orbiting laboratories, would require trans-

portation to synchronous orbit. Other payloads, such as

interplanetary vehicles, would require injection onto escape

trajectories. Therefore, unless an economical, environ-

mentally clean, reusable transfer vehicle is developed that

will be capable of providing efficient inter-orbital

transportation, the overall cost of space missions will

continue to be high. The results of this study show that a

laser propelled transfer vehicle drawing power from one

ground based transmitter, will be capable of providing this

service. Although the initial developmental costs will be

high, the long-range economical benefits and performance may

be very attractive.



SYMBOLS

a semi-major axis

C 3 escape energy (square of vehicle's hyperbolic

excess velocity)

D distance between laser transmitter and vehicle

D1 distance between laser transmitter and vehicle

at beginning of power transmission

D2 distance between laser transmitter and vehicle

at end of power transmission

E orbital energy

e eccentricity

h initial orbital altitude

ISP specific impulse
i orbital inclination

(kl,i,k2,i) resonant integers defined in eq.	 (8)

M total mass of vehicle and payload

Mass Ratio vehicle's mass before propulsive maneuver

divided by vehicle's mass after propulsive

maneuver

no vehicle's dry mass

mf vehicle's fuel mass

P vehicle's payload mass

Mb vehicle's fuel mass burned during injection

maneuver

m exhaust mass flow rate

n orbit's mean motion (average orbital angular

velocity)

n orbit's anomalistic mean motion

P orbital period

Ps sidereal day (86,164.099 sec)

P orbital anomalistic period (time interval

between two successive perifocal passages)
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p propulsive power

Q apoapsis distance from earth's center

Qh apoapsis altitude above earth's surface

q periapsis distance from earth's center

q periapsis altitude above earth's surface

R distance of vehicle from earth's center

s beam diameter at vehicle

T thrusting time of propulsive maneuver

t time

U gravitational potential function

u exhaust velocity

V vehicle velocity

VW hyperbolic excess velocity

x x axis of coordinate system

xo Constant equal to 1.593624

y y axis of coordinate system

z z axis of coordinate system

a minimum allowed beam elevation angle

B beam elevation angle

51 beam elevation angle at beginning of power

transmission

5 2 beam elevation angle at end of power

transmission

Sn change in orbit's mean motion due to

propulsive maneuver

AV change in vehicle's velocity due to propulsive

maneuver

0 earth's rotation rate (7.292115144 x 10-5

rad/sec)

X wavelength of electromagnetic radiation

u gravitational constant of earth (398600.7

km3/sect)

R orbital plane of vehicle
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po	earth's mean radius (6371.3 km)

Cartesian inertial frame with origin at

earth's center

^t	latitude of laser transmitter

^l	latitude of Cape Canaveral

R 1:ngitude of orbit's ascending node tingle

between + x - axis and orbit ' s ascending

line of nodes) defined in fig. 9

rate of change of n

W	 orbit's argument of perigee (angle between

orbit's line of apsides and ascending line

of nodes) ,defined in fig. 9

W	 rate of change of w
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